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Abstract

Based on the structural motif of a robust orgamnie, chew largelytextended organic sensitizers for
dye-sensitized solar cells (DSSCs) have been desigm optimize the interactions between the
dye/TiO, layer and the redox electrolyte. The moleculdotaig was performed bi) positioning
an alkyl chain onto therspacer andi) increasing the bulkiness of the electron-donordeep
theoretical investigation reveals that the mairctetamic transitions of the three dyes own only a
weak charge-transfer character. Notwithstandingsehainusual photo-excitation dynamics

experimentally supported by solvatochromism, imgikes photovoltaic performances are obtained



for the three sensitizers, reaching, power congergfficiencies up to 9.8% under 1.0 sun
illumination, that were remarkably higher than #oshown by N719 standard. This result
represents one of the highest performances extflibyefully organic sensitizers employing the |

/13" redox shuttle.

Keywords D—A-TeA sensitizer, dye-sensitized solar cell, densitiyctional theory, iodine-based

electrolyte.

I ntroduction

The prospected low manufacturing cost and potebtidtling integration of dye-sensitized
solar cells (DSSCs) continue to fuel a vivid resbaeffort mainly devoted to the dye
optimization [1]. The state-of-the-art of DSSC ef#hncies has until recently been a
prerogative of ruthenium-based complexes (~11%) 4BH zinc-porphyrin sensitizers
(~13%) [3]. Although the vast majority of highly gf@ming fully-organic sensitizers
currently exhibits lower performances (~10%) [4],canspicuous share of the DSSC
scientific community remains intrigued by the maller engineering potential of metal-free
dyes, also considering that the use of a low-aboecelanetal such as ruthenium as well as
the many low-yielding steps needed to obtain slytdbnctionalized porphyrins might
jeopardize the perspective of full-scale DSSC nmassluction. The great efforts aimed at
unravelling the potential of fully organic sens#ig has been recently realised in the
obtainment of devices with outstanding efficiencigm to 12.5%) [5], sustaining the
research for more and better performing organicsdye

For years, the molecular design of efficient sé&xresis has been dominated by the rule of

putting into conjugation an electron-donating atet&on-accepting unit (the latter suitably



designed to act as the anchoring group for thegendc semiconductor) via an electron-rich
n-segment (namely the B—A architecture) [6]. The consequent “push-pull'hfiguration
determines the photo-induced shift of the electdemsity towards the anchoring region
bound on the inorganic semiconductor, thereby ptorgdhe electron transfer step [7]. The
molecular engineering of thebridge has been mainly devoted to the amplificatd the
light-harvesting properties of the correspondings#&zers; however, a mere conjugation
extension of the chromophoric core was proven &sndental for device performance [8].
Recently, the incorporation of a further electromlhdrawing unit within then-bridge
(leading to a D—AsA architecture) has opened new routes for imppuvine light-
harvesting and stability of the corresponding orga®nsitizers [9]. However, placing an
electron-deficient aromatic unit within tlebridge leads to structure-property relationships
that cannot be trivially anticipated. By gatheriglgctron density at the excited state of the
corresponding D—-Ar—A sensitizer, the introduction of a further eleatwithdrawing
system within thet-spacer could indeed prevent an efficient electransfer onto the Ti®
surface [10]. Consequently, the position of thetete-accepting aromatic unit with respect
to the anchoring moiety as well as the introductéfunctional groups causing distortion of
the chromophore backbone have to be accuratelygseddvhen drawing the “molecular
blueprint” of a D—A«—A sensitizer. Our role in perfectioning the D-#AA sensitizers has
mainly been focused on thebridge extension as well as on the judicious seleof low-
environmental impact structures and synthetic eries [11], in the awareness that even
minor structural modification can exert a significanfluence on the performance of a
selected class of organic dyes.

In this contribution, the properties and the phottaic performances of new D—A—A
fully organic sensitizers@4 and G5, Figure 1) have been investigated. These dyes have
been assembled on the basis of the structural cludifacterizing a robust organic dy&3j,

that achieved high power conversion efficiency ¥8\Gnd exhibited an excellent stability



during device operation [11a]. The new sensitizeese conceived to gain a control at the
interface between the dye/TiQayer and the redox electrolyte, aiming at enhampdhe
corresponding device photocurrent and photovoltadge molecular tailoring of th&3
scaffold was consequently carried out by suitaldsitpning an alkyl chain onto the
spacer G4 vs G3) and by increasing the bulkiness of the electronating unit G5 vs G4)
extending its conjugation. Remarkable power conearefficiencies (PCE) up to 9.8%
were achieved b¥s5 (the best of the series) using iodine-based elgtérs; the obtained
PCE were found to be higher than those shown bgitimaal N719 standard dye

formulations [12].
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Figure 1. Chemical structures @3, G4 andG5.

Results and discussion
Synthesis and characterization

Differently from the previously reported syntheefsG3, which could be accomplished by
C-H activation reactions [11a], the synthese§&dfandG5 posed additional complications
due to the unsymmetrical placement of the n-hexyicfionality with respect to the

benzothiadiazole core (Scheme 1). Concerning tketren-donating building block, 4-



(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-i)N- bis((2-ethylhexyloxy)phen-4-yl)aniline it
was obtained following a literature procedure [11@bnversely, the preparation of the
electron-donating unit o655 started with the reaction of bromo-triphenylamimnigh two
equivalents of N-iodo-succinimide (NIS) to affottetdiiodo-derivativel. A Suzuki cross-
coupling reaction betweehand two equivalents of 2-((2-ethylhexyloxy)phenit4,4,5,5-
tetramethyl-1,3,2-dioxaborolane gave the bromowd¢ine 2 prone to be functionalized
with bis(pinacolato)diboron affording the relevdmatronic esteB. Concerning the synthesis
of the chromophorict-bridge, the benzothiadiazole-containing derivadweas reacted in a
Suzuki coupling with an equimolar amount of thiebgkonic acid yielding the
unsymmetrically substituted compourtsl A selective bromination on the activated
thiophene ring with N-bromo-succinimide (NBS) afforded the correspondiogmo-
derivative 6. A Suzuki reaction betwee@ and 4-formylphenyl boronic acid placed the
aldehyde functional group for the subsequent caiwerinto the anchoring moiety. A
further NBS bromination of the so obtained intermagzl7 yielded the bromo-derivativé.
The synthetic procedures were completed by carmyutga Suzuki cross-coupling betwegn
and the relevant boronic-esters of the electrorating groups, concluded by a Knovenagel
condensation of the obtained aldehy@eand 10 with cyanoacetic acid affordinG4 and

G5, respectively.
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Scheme 1. Synthetic approach followed for the preparatio®dfandG5. Reaction conditions)
NIS, DMF;ii) 2-((2-ethylhexyloxy)phen-4-yl)-4,4,5,5-tetrameltly3,2-dioxaborolane, Pd(PBh
1M NaHCQ;, THF;iii) bis(pinacolato)diboron, Pd&tippf), potassium acetate, dioxansg;
thiophen-2-yl boronic acid, Pd(Ph 1M NaHCQ, THF;v) NBS, DMF;vi) 4-formylphenyl
boronic acid, Pd(PRJy, 1M NaHCQ, THF; vii) 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
N,N-bis((2-ethylhexyloxy)phen-4-yl)aniline, Pd(Ph 1M NaHCQ, THF; viii) 3, Pd(PPk)4, 1M

NaHCGQ;, THF;ix) cyanoacetic acid, piperidine, CHCI

The UV-Vis absorption 0of53-5 in THF are depicted in Figure 2A highlighting theit
sensitizers exhibit two major absorption bands 20-300 nm and 500-550 nm, often
simplistically ascribed to localized aromatient* transitions or to intramolecular charge-
transfer (ICT) transitions. However, a deeper insigto the nature of these two absorption
bands has been provided by theoretical calculatjads infra). Concerning the absorption
wavelengths, the dye structural tailoring seemshawe a non-negligible effect on the
absorption profiles of the triad. The absorptioaksefalling in the UV region are located at

378 G3), 370 G4) and 354 G5) nm, with molar extinction coefficients of 416083600



and 48600 M'cm™ respectively, whereas the lower energy bands peak&35 G3), 527
(G4) and 524 G5) nm, with corresponding molar extinction coeffidig of 38300, 27900
and 30100 M'cmi™’. Their absorption onsets in THF solution followtse trend observed
for the maxima (641, 635 and 624 nm @B, G4 and G5, respectively), confirming
potentially significant light-harvesting propertiés all dyes. Nevertheless, it is apparent
how the introduction of the alkyl chain onto tlebridge induces a blue-shift of the
absorption maxima 64 andG5 with respect tdG3 with a corresponding lowering of the
relevant molar extinction coefficients.

Suitable investigation of the solvatochromic bebawf an organic dye can be useful to
predict the influence on the absorption profile smguent to the sensitizer immobilization
on TiO;, surface. The formation of titanium carboxylate mmtye adsorption process might
indeed cause a detrimental blue-shift of its altsmmpprofile [13]. The absorption properties
of the dyes in their deprotonated form can be etelliin solution using a large excess of
triethylamine (TEA) thus bypassing the complicasi@ue to scattering and aggregation that
can occur carrying out the investigation on titajiid]. As shown in Figure 2A, th&3-5
absorption profiles recorded in the presence ofesxcof TEA are very similar to the
corresponding ones recorded in THF (the blue-siithe absorption bands being contained
within 5 nm) substantiating the assumption that ahginal light-harvesting properties of
these molecules are preserved from the deprotomatduced blue-shift. It can also be
anticipated that the peculiar structural motifstikése D—A#—A dyes lead to electronic
transitions with a low ICT character, suggestingaisarefully deepen their nature and the
relevant photo-excitation dynamics typical of th&3&C work cycle. This behaviour was
confirmed by recording the absorption spectra efttiree sensitizers adsorbed onto a,TiO

substrate (Figure S1) that were nearly superimpgesalihose measured in THF solution.
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Figure 2. (A) Absorption profiles 0f53-5 in THF and THF/triethylamine (3/1 v/v) solutions.
Anodic (B) and cathodic (C) cyclic voltammogramd3#, G4 andG5 as thin films with ferrocene
as the reference. (D) Calculated and experimentétation potential, calculated and experimental

electron affinity, HOMO and LUMO energy levels@8, G4 andG5.

Electrochemistry provides crucial insights into thermodynamics of the electron injection
as well as of the dye regeneration by the redottleh’he electrochemical properties of the
three sensitizers were investigated by cyclic voiteetry (CV) aiming at determining the
energy levels of their frontier orbitals. The arodind cathodic scans for the three
sensitizers are illustrated in Figure 2B and Fige@s respectively. The observed oxidation
potentials correspond to highest occupied moleaulbitals (HOMO) energy levels located
at -5.04, -5.02 and -5.24 eV foB3, G4 and Gb5, respectively, implying a

thermodynamically feasible regeneration of the dygshe 1/15” redox shuttle during the

DSSC work cycle. To confirm the reversibility oethedox events in the case@ andG5,



their electrochemical behavior was also studiehiCl, solution (see Figure S2). It is
evident thatG5 shows a downshifted HOMO energy value (~0.2 e\ijhgared toG3 and
G4, suggesting an important role of the electron-tiagaunit in determining the ionization
potential of the relevant sensitizer, as confirr\ede infra) by theoretical calculations. It is
reasonable to suppose that the introduction ofrthdu phenyl spacer (biphenys phenyl)
reduces the mesomeric contribution to the electimmating properties of the relevant
triarylamine, to which an important contributionalso provided by the alkoxy groups. This
effect produces the HOMO stabilization observedsih despite the increased number of
aromatic units involved in the electronic delocatian. By contrast, the effect of the n-hexyl
chain functionalization was mainly observed on kbwest unoccupied molecular orbital
(LUMO) energy levels of the three sensitizers, thate found to be —3.24, -3.15 and —3.17
eV for G3, G4 andG5, respectively. The slight upshift of the LUMO egeivalues oiG4
and G5 with respect to that o653 can be reasonably ascribed to the distortion efrth
bridge backbonev(de infra) induced by the introduction of the alkyl chairhel LUMO
energy values lie above the conduction band edge@, ensuring sufficient driving force
for the electron injection from the excited dyewithe conduction band of the inorganic
semiconductor. On these grounds, all three seesstiare qualified for potential application

in DSSCs.

Theoretical calculations

To gain insight into the photophysical and eledtgoroperties of the three sensitizers, a
theoretical investigation was performed applyingsity functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations on the georoalily optimized suitable molecular
models, at the B3LYP/6-31G(d,p) level of the thearsing the Gaussian 09 program
packages [15]. Since the calculations were cawigdncluding solvent effects (THF) using

non-equilibrium implementation of the conductorelipolarizable continuum model (C-



PCM), in order to reduce the computational load, 2kethyl-hexyl chains were replaced by
methyl groups, in consideration of their minor uirghce on the molecules conformation. The
analysis of the optimized geometry (Figure S3hefthree sensitizers revealed a near planar
conformation of ther-bridge with low dihedral angles between benzotlzale and
thiophene units, while higher dihedral angles welsserved at the linkage between
thiophene and benzene units. The introduction ehthexyl chain onto the thiophene unit
induced a pronounced distortion of the correspandmophene/benzene dihedral angle
(=37°) inG4 andG5 without, however, any apparent influence on tleetebnic distribution

of the frontier orbitals. The calculated electroensity distributions of the main energy
levels are shown in Figure S4. The HOMOs are ppadty distributed on the electron-rich
triarylamine group as well as on part of the chrphuric Te-bridge, confirming the
experimental observation previously reported thHa electron binding energy for the
HOMOs is not sensitive to the structural modifioas involving thatspacer extension, but
only those inherent the electron-donating unit. Weosely, the LUMOs of the three
sensitizers are partially localized on tiebridge and in the proximity of the anchoring
group.

The ionization potentials (the absolute value ef HOMO energy level) 063, G4 andG5
were calculated as the difference between the éstatgies of the (N-1)-electron and (N)-
electron states [16]. All energies were calculadtting from the geometrically optimized
structures of the sensitizer neutral states. THeulzdions returned ionization potentials
following the same trend observed by CV measuresnéde Figure 2D). With the same
approach, the electron affinities (the absolutaigabf the LUMO energy level) dB3-5
were obtained calculating the difference betweenttital energies of the (N)-electron and
(N+1)-electron states (Figure 2D).

The optical behavior of the three sensitizers waspédned by investigating the vertical

So— S, excitation energies at the TD-DFT level of theasyng the CAM-B3LYP functional



[17] including solvent effects (THF) with the C-PCBMmulation. It was found that the
calculated optical data in terms of both excitagmergies and oscillator strength are in good
agreement with the experimental measurements Ei§»*S7). The same considerations
can be made for the calculation of the absorptipecsa of the deprotonated form of the
three sensitizers, substantiating the accuratenédbe theoretical calculations and the
corresponding interpretation on the basis of theasochromic measurements. According to
the calculation (Table 1), thep-SS; excitations ofG3-5 sensitizers are predominantly
described as HOMOSLUMO transitions with additional and significant BAD—
1-LUMO and HOMO-LUMO+1 contributions. On the other hand, the-&, excitations
can principally be described as HOMG-LUMO transitions with additional and

significant HOMO-LUMO, HOMO—LUMO+1 and HOMO-2-LUMO character.

Dye Transition A(nm) f configuration
G3 S—S 531.3 1.75 H-L (56%); H-1-L (33%); H—>L+1 (9%)
H-1-L (43%); HoL+1 (26%); H-2—L (24%);
S—S 396.8 0.51 HoL (8%)
G4 S—S 519.3 1.59 H—L (56%); H-1—L (32%); H—L+1 (9%)
H—1-L (45%); H-L+1 (25%); H-2—L (23%);
S—S 388.2 0.52 HoL (7%)
G5 S—S 511.0 1.66 H—L (49%); H-1—L (39%); H—>L+1 (7%)
S oS, e o5y 1oL (35%); HoL+1 (24%); H-2-L (23%);

H-1—-L+1 (10%); H—L (8%)

Table 1. Excitation energies (l), oscillator strengthgnd configuration of the main calculated

transitions ($—S; and $—S,) of G3, G4 andG5.

Therefore, the TD-DFT calculations describe thedAmental absorption peak as an
electronic transition composed of different conitibns, complicating an interpretation
straightforwardly based on the electron densityit sipon photo-excitation of the dye. In
cases such as this, it is more opportune to andheedividual excited states using natural
transition orbitals (NTOs), consisting of a simplbital picture of the TD-DFT calculations

obtained by representing the electronic transitjerciton) in terms of two molecular



orbitals (describing electron and hole respectivalyus allowing to straightforwardly
monitor the electron density shift from the growstdte (hole) to the excited state (electron).
The calculated NTOs of the three sensitizers (le@)rvisually describe the photo-dynamics
of the main excitation (»S;) implying a partial shift of the electron denstbwards the
acceptor unit of the dyes, allowing in principle thlectron transfer from the excited dye to
the semiconductor conduction band at the dye/atamierface. However, contrary to what
was observed in the case®@8, thet-backbone distortion i64 andG5 seems to impair the
photo-induced shift of the electronic density tosgathe anchoring group, thereby resulting
to be mostly localized around the electron-withdregvbenzothiadiazole unit upon photo-
excitation. Since the hole/electron NTOs of tle>S; excitation are mainly localized on the
chromophoricr-bridge of the three sensitizers, the low ICT chtaof these electronic
transitions emerging from the solvatochromic bebapreviously described finds a deeper
rationale. Also the higher energy-SS, excitation (the relevant NTOs are shown in Figure
S8) only promoting a densification of the electensity in proximity of the anchoring
group during the photo-excitation can be classified low ICT character transition, thereby
also partially contributing to photon-to-currentngersion in DSSC under ambient solar
illumination. On these bases, however, it is reabtanto suppose that the electron transfer
process at the dye/TiOnterface is not only dependent on the involvezt®bnic transition
(So—S1 or S—S; excitation) but also relatively slower with respéez the very wide range

of organic sensitizers endowed with strong ICT ghison bands.
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Figure 3. Calculated natural transition orbitals (NTOs) disog the photo-excitation dynamics of

the $—S; transition inG3, G4 andG5.

Photovoltaic properties

In view of their favourable optical and electrochesh properties, the photovoltaic
performances ofG3-5 were evaluated using thé/lf~ couple as the redox shuttle and
comparing them with those of the ruthenium-basewiseer N719 as the reference dye. In
order to avoid the undesirable dye aggregation len TiO, surface and to suppress
detrimental recombination processes leading to darkent [18], several tests using
different amounts of chenodeoxycholic acid (CDCA9ra carried out for the dyeing of the
TiO, electrodes, as summarized in Table 2 along wihrébevant device figures of merit.
The appropriate amount of CDCA significantly enhteshthe dye performances: their power
conversion efficiency (PCE) was, in fact, increasen 4.1% to 8.6% in the case Gf3
(using 30 mM CDCA), from 5.1% to 9.5% in the ca$eGal (using 10 mM CDCA) and

from 5.5% to 9.8% in the case &5 (using 10 mM CDCA). These results markedly



outperform those obtained using the very well-knowthenium-based N719 reference dye
which reached a PCE of 8.7% in DSSC fabricated Whighsame architecture. Furthermore,
the performances @3-5 sensitizers were also recorded under intensitmeslating diffuse
sunlight (0.66 and 0.33 sun) observing that theieficies were even increased, reaching, in
the case of the most performing dgé, a PCE of 10.3% under 0.33 sun (Figure 4A). These
results can be interpreted considering that, atuuged sun intensity, mass-transport
limitations of the redox mediators are remarkalligvaéated.

It is apparent howG4 and G5 exhibited the better performances using lower CDCA
amounts compared to those employed in the ca&8oReasonably, the presence of the
hexyl chain inG4 andG5 effectively contributes to space the sensitizetemuides onto the
TiO, surface preventing the analogous effect exertetthdYCDCA molecules at the expense
of the photoanode active area, as supported byodgkng measurements (Table S1).

A significant aspect emerges from the analysishef spectra of monochromatic incident
photon-to-current conversion efficiencies (IPCExarded for the DSSCs. Notwithstanding
the presence of large TiQcattering nanoparticles in the photoanode braadehe shape

of the IPCE spectra, these (Figure 4B) seem tonb&greement with the light-harvesting
range of sensitizers, although not following the -WAN& absorption profiles previously
discussed. It is rational to ascribe this behatoathe different electron injection efficiency
of the two electronic transitions characterizing thamel-back" absorption profiles Gf3-5
sensitizers, which was suggested by our theoreteddulations. Notwithstanding the
broadest light-harvesting response exhibitedG8+rbased devices, their IPCE spectrum
showed the highest values (~75%) at wavelengtheabB60 nm. By contrasG4 and G5
maintained a much higher (~85%) IPCE value acrossvisible wavelengths ranging from
450 to 600 nm. Althougle4 showed a slightly broader IPCE profile with redpecthat of
G5, better conversion efficiencies below 500 nm waserved foiG5, plausibly deriving

from its higher molar extinction coefficientade supra) with respect t@&s4 in this region.
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To deepen the relationship between dye molecutactsire and photovoltaic performance,
impedance spectroscopy (IS) measurements were rpexdio on the CDCA-optimized
DSSCs at different bias potentials under 1.0 swadiation. In the framework of our
investigation, the IS measurements principally ainassociating the differences in devices
performance with the shift of the Ti@onduction band (EC) or with the recombinatior rat
both aspects having a strong influence on the hatge-transfer at the Tdye interface
during the DSSC work cycle [19]. IS spectra weralywred through the well-known
equivalent circuit proposed by Bisquert [20]. Fig@A and Figure 5B show the capacitance
(C,) and recombination resistance§fplotted versus voltage drop {w) at the sensitized
electrode. The ¥ in the sensitized electrode is obtained after emiimg the applied
potential (Mypp for the drop of total series resistancesi¥s (contacts, counter electrode,
electrolyte diffusion) collected from impedance apescopy data as Mr = Vapp — Vseries
[21]. The chemical capacitance jGepresented in Figure 4A provides information wtbo

the position of the conduction band [22]. From thealysis of ¢, we could



straightforwardly identify the upward shift of tkenduction band edge of titania in the case
of the DSSC fabricated with tHe3 dye with respect t&4 andG5. On the other hand, a
lower ECB forG4- andG5-based devices should decrease the energy difiefenim the T

/13~ redox potential, which would result in a lower ogarcuit voltage (\c) with respect to
G3. On the contraryG5-based cells show the highespd/ due to their higher charge-

transfer resistance {RFigure 5B).
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Figure5. EIS of CDCA-optimized DSSCs at different bias pditda under 1.0 sun irradiation.
Capacitance (A) and recombination resistance (B) maspect to the Fermi level voltage (removing
the effect of series resistance,y. Capacitance (C) and recombination resistancedplptted
with respect to the equivalent common conductiarmdbaoltage (M) usingG5 as reference dye,

so that distance between Fermi level and condubidonl is the same in all cases.



To gain more insight into the recombination resiseabehavior, the JRwas determined on
the basis of a similar number of injected electromes at the same energy gap between the
electron Fermi level and Tyronduction band. To this purpose, the voltageesecaFigure
5C has been shifted, so that chemical capacitacmeside. In this graph, the voltage is
obtained as Myp = Vcorr - AEc, Where “ecb” stands for “common equivalent conaoturct
band” andAEc is the shift of the conduction band with respecGE taken as reference
sample [22b]. In Figure 5D, the recombination rasise is plotted using the same scale.
This procedure equalizes the conduction band aitt for all the cells and allows a better
comparison of the charge-transfer rate. Under #mesequivalent conduction band level,
the R values ofG4 andG5 are clearly confirmed as higher than thos&af(Figure 5D),
indicating that the parasitic charge recombinabetween injected electrons into Giom

the excited sensitizer and the oxidized form ofrégmox shuttle occurs in a higher extent in
G3 with respect t&G4 andG5. This results can be ascribed to the insulatifgcebf then-
hexyl chain on thern-bridge of G4 and G5 dyes which suppresses the dark current.
Moreover, the steric hindrance of ti&5 triarylamine-based donor group further hinders
charge recombination, explaining the higheix\and the higher short-circuit current density

(Jso) observed for th&5-based photovoltaic cell.



Dye CDCA PCE (%) FF ¥c (mV) Jsc (mA/cnt) Sun
N719 0 mM 8.67 0.66 751 17.51 1.0
G3 0mM 4.14 0.69 666 9.00 1.0
G3 20 mM 7.44 0.74 661 15.21 1.0
G3 30 mM 8.64 0.72 663 18.11 1.0
G3 30 mM 8.94 0.73 660 12.25 0.66
G3 30 mM 9.20 0.74 661 6.21 0.33
G3 40 mM 7.85 0.71 663 16.67 1.0
G4 0mM 5.11 0.66 693 11.16 1.0
G4 5 mM 6.84 0.68 702 14.24 1.0
G4 10 mM 9.49 0.68 704 19.76 1.0
G4 10 mM 9.57 0.70 702 12.85 0.66
G4 10 mM 9.83 0.73 701 6.34 0.33
G4 15 mM 9.52 0.70 708 19.23 1.0
G5 0mM 5.49 0.67 714 11.54 1.0
G5 5 mM 7.68 0.68 722 15.53 1.0
G5 10 mM 9.77 0.68 721 19.80 1.0
G5 10 mM 9.90 0.69 720 13.15 0.66
G5 10 mM 10.26 0.72 715 6.58 0.33
G5 15 mM 9.45 0.70 735 18.40 1.0

Table 2. Photovoltaic performance of DSSCs base®8nG4 andG5 using the 1/13™ redox

Conclusions

shuttle.

Taking into consideration that even the slighteésicsural modification conceived for an

organic sensitizer can exert a strong influencéherrelevant DSSC performances, based on

the structural motif of a robust D—#«A organic dye G3), new largelyr-extended organic

sensitizersG@4 andG5) have been designed with the main aim of favoyraimdulating the

interactions between the dye/TLi@yer and the employed redox shuttle. Complyintphe

guidelines traditionally followed to retard disadv@geous charge recombination and to

inhibit detrimental interactions between dye molesuonto the titania surface, the

molecular tailoring of th&3 scaffold was performed by suitably positioningadky! chain

onto therrspacer G4 vs G3) and increasing the dimension of the electron-tingaunit (G5



vs G4). A detailed TD-DFT study has revealed that thenn$s—S; electronic transitions of

the three sensitizers is endowed with only a wela&krge-transfer character, being the
hole/electron densities mainly localized on thegddy -extended bridge, and implying,
upon photo-excitation, a limited shift of the etect density towards the anchoring group.
Notwithstanding these unusual photo-excitation dyica, the photovoltaic performances of
G3, G4 and G5 can be regarded as impressive, reaching, in tilse ©h G5, power

conversion efficiencies up to 9.8%, ranking amohg highest reported for metal-free

organic sensitizers employing iodine-based elegiesl|

Experimental Section

General remarks on dye synthesis and characterization: All reactants and raw materials
were purchased from standard commercial sourcesisaaiwithout any further purification.
All solvents used were carefully dried and frestiistilled according to standard laboratory
practice. All manipulations were carried out undeert dinitrogen atmosphere. The
synthesis of 4-bromo-7-(4-hexylthiophen-2-yl)berZzt[3]thiadiazole (4) [8b], 2-((2-
ethylhexyloxy)phen-4-yl)-4,4,5,5-tetramethyl-1,2@xaborolane [lla] and 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yiN;N-bis((2-ethylhexyloxy)phen-4-yl)aniline [23] have
been carried out adapting literature proceduretir@o chromatography were carried out on
a Biotage Isolera One instrument using K-Sil cdgeis. The NMR spectra were recorded on
a Bruker Avance 700 MHz instrument. Elemental asedywere obtained on a EuroVector
CHNS EA3000 elemental analyser on the basis ofetheplicates. UV-Vis spectra were
recorded on a Jasco V-670 instrument. FT-IR measemés were carried out on a JASCO
FT/IR 4200 spectrophotometer. The cyclic voltammetxperiments were carried out using
a Metrohm Autolab PGSTAT 302-N potentiostat. Irypical experiment, the samples were
drop cast on a platinum working electrode from Tétffutions of 1 mg/mL concentration.

Measurements have been performed at a 50 mV/s em&nin acetonitrile solution



containing tetrabutylammonium tetrafluoroboratel (B1) as supporting electrolyte at 25 °C.
Potentials were measured versus Adg/Ag quasi-reference electrode. The potential of the
Ag/Ag”’ electrode was calibrated against F¢/fter each experiment. After calibration
against Fc/Fg the HOMO and LUMO energy levels were calculatedoading to the

following equations:

Erowmo (V) = — [Bx’"°%'— Eyu(Fc/FC) + 4.8]

ELumo (eV) = — [Bed "' Eyo(FC/FC) + 4.8]

where B/(Fc/F¢) is the half-wave potential of the Fc/Feouple, while EC™®'and Eed"*®
represent the onset potentials of the first oxatataind reduction event, respectively. The
analyses of the ground-state structures were daot by density functional theory (DFT)
calculations. The B3LYP function was used in cogjion with the 6-31G(d,p) basis set.
Time-dependent DFT (TD-DFT) was applied for theeasment of excited-state transition
energies. All theoretical calculations have beemi@d out using the Gaussian09 program

package on isolated molecules.

DSSC fabrication and photovoltaic measurement: Fluorine-doped tin oxide (FTO, 15

Q/sq, provided by Solaronix S.A.) glass plates win&t cleaned in a detergent solution
using an ultrasonic bath for 15 min, and then dnad&h water and ethanol. Double-layer
electrodes (overall thickness 16n) were prepared as follows: a layer of commercial
colloidal titania paste (Dyesol 18NR-T) was depssibnto the FTO glass and gradually
heated in an oven in air to obtain a ~jh transparent nano-crystalline film; the
temperature gradient was programmed as follows?@7@0 min), 350°C (15 min) and

430°C (30 min). This procedure was repeated forsttatering layer (5 um) constituted by

Solaronix D/SP colloidal paste. The double-layecebde was eventually sintered at 450°C



for 30 min. The thickness and the active area (@i of the sintered photo-anodes was
measured using a profilometer (Veeco Dektak 150a8arProfiler). The dye loading was
performed by keeping the electrodes for 14 h ardeudark in 0.2 mM THF solutions of
G3, G4 or G5 dyes containing a known amount of chenodeoxychaticd (CDCA). The
reference photo-anodes were prepared analogoustlyéwmg the electrodes with 0.2 mM
solutions of bis(tetrabutylammonium)-cis-di(thiooya#o)N,N’-bis(4-carboxylato-4
carboxylic acid-2,2bipyridine) ruthenium(ll) (N719, purchased by Solsix S.A.) in a
mixture of acetonitrile and tert-butyl alcohol (MAs). The counter-electrodes were prepared
by sputtering a 50 nm Pt layer on a hole-drilledaded FTO plate. In a typical device
construction procedure, the photo-anode and thenteowlectrode were faced and
assembled using a suitably cut b thick Surlyn® hot-melt gasket for sealing. Thdire
redox electrolyte (0.1 M Lil, 0.05 Ml 0.6 M 1-methyl-3-propylimidazolium iodide, and
0.5 M tert-butylpyridine in dry acetonitrile) waaauume-injected into the space between the
electrodes through pre-drilled holes on the backhef counter electrode. The holes were
eventually sealed using Surfyrhot melt flm and a cover glass. Photocurrentagit
measurements were performed using a Keithley uvdibdel 2400 Source Meter). A
Newport AM 1.5 Solar Simulator (Model 91160A equeppwith a 1000 W Xenon arc lamp)
serving as a light source. The light intensity wasibrated to 100 mW/ctmusing as
reference a Si solar cell. The incident photonuoent conversion efficiency (IPCE) was
measured by the DC method using a computer-coattaiéénon arc lamp (Newport, 140 W,
67005) coupled with a monochromator (Newport Castoee 260 Oriel 74125). The light
intensity was measured by a calibrated silicon Wiétpdetector (Oriel 71675) and the short
circuit currents of the DSSCs were measured byguaidual channel optical power/energy
meter (Newport 2936-C). Single layer transparerdt@eiectrodes (um thick) sensitized
for 4 h in the best performing dye bath solutionsrevused for absorption spectra

measurement of the dyes on 7%i€urface. Electrochemical impedance spectroscopy) (E



was performed by an AUTOLAB PGSTAT 302N (Eco Chemi¥.) in a frequency range
between 100 kHz and 10 mHz. The impedance measatemere carried out at different
voltage biases under 1.0 sun illumination. The Itegpimpedance spectra were fitted by

using ZView (Scribner Associates) software.

Synthetic procedures. 4-Bromo-iN,N-bis(4-iodophenyl)aniline 1). N-iodo-succinimide
(2.25 g, 10.00 mmol) was added portionwise to atswl of 4-bromoN,N-diphenylaniline
(1.62 g, 5.00 mmol) in DMF (50 mL) kept at 0 °C.té&fthe addition, the obtained reaction
mixture was warmed to room temperature and alloteeact overnight before quenching
with water (50 mL). The compound was extracted wiigthyl ether (3 x 50 mL) and the
combined organic phases were washed with watemBPpand dried over N&Oy. After
solvent removal, the crude product was purified dglumn chromatography (SO
petroleum ether 40-60 °C/GAl, = 10/1 v/v) to affordl (2.05 g, 71%) as a off-white solid.
'H NMR (700 MHz, CDCJ): & 7.56 (d, J = 8.8 Hz, 4H); 7.39 (d, J = 8.9 Hz, 26i96 (d, J
= 8.9 Hz, 2H); 6.84 (d, J = 8.8 Hz, 4H) ppHC{*H} NMR (176 MHz, CDC}): & 146.7,
145.9, 138.5, 132.6, 126.0, 125.9, 116.2, 86.5 dplem. Anal. calcd for ¢H1:BrloN: C

37.53, H 2.10, N 2.43; found: C 37.57, H 2.06, ¥i62.

4-BromoN,N-bis(4'-(2-ethylhexyloxy)-1,1'-biphenyl-4-yl)anien(2). Compoundl (1.15 g,
2.00 mmol), 2-((2-ethylhexyloxy)phen-4-yl)-4,4,3&ramethyl-1,3,2-dioxaborolane (1.46
g, 4.40 mmol) and Pd(PRh (0.12 g, 0.10 mmol) were put into a three-neck@dnh round
bottom flask. Degassed THF (15 mL) and 1M NaHCG@Queous solution (10 mL) were
added to the flask and the obtained mixture wasixedl for 24 h. After cooling down the
reaction to room temperature, methylene chloridenh) was added to the mixture and the
resulting organic phase was separated, washedwaitér (50 mL) and dried over B&O,.

After solvent removal, the crude product was pedfibby column chromatography (SiO



petroleum ether 40-60 °C/GEl, = 10/1 v/v) to obtair? (1.04 g, 71%) as a white solitH
NMR (700 MHz, CDCY): & 7.51 (d, J = 8.5 Hz, 4H); 7.47 (d, J = 8.5 Hz, 4HB7 (d, J =
8.7 Hz, 2H); 7.16 (d, J = 8.5 Hz, 4H); 7.04 (d, 8.Z Hz, 2H); 6.98 (d, J = 8.5 Hz, 4H);
3.92-3.87 (m, 4H); 1.79-1.73 (m, 2H); 1.56-1.32 (kGH); 0.98-0.91 (m, 12H) ppm.
13c{’H} NMR (176 MHz, CDC}): 3 158.8, 146.9, 145.9, 135.9, 132.8, 132.2, 1288,7],
127.5, 125.2, 124.6, 114.9, 70.7, 39.4, 30.6, 22319, 23.1, 14.1, 11.1 ppm. Elem. Anal.

calcd for GgHs54.BrNOo: C 75.39, H 7.43, N 1.91; found: C 75.47, H 7./961,.96.

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-M)N-bis-(4'-(2-ethylhexyloxy)-1,1'-biphen-
4-ylaniline @). Compound2 (1.00 g, 1.36 mmol), bis(pinacolato)diboron (1.§44.08
mmol), PdCJ(dppf) (0.05 g, 0.07 mmol) and potassium acetat20(@, 2.04 mmol) were
put into a three-necked 50 mL round bottom flaskg&ssed dioxane (25 mL) was added to
the flask and the obtained mixture was stirred@&t’@ for 24 h. After cooling down the
reaction to room temperature, methylene chloridenh) was added to the mixture and the
resulting organic phase was separated, washedwaitér (50 mL) and dried over B&O,.
After solvent removal, the crude product was pedfibby column chromatography (SiO
petroleum ether 40-60 °C/GHl, = 2/1 v/v) to obtairB (0.80 g, 74%) as a white solitH
NMR (700 MHz, CDCY): & 7.74 (d, J = 8.2 Hz, 2H); 7.54 (d, J = 8.9 Hz, 4H%0 (d, J =
8.9 Hz, 4H); 7.21 (d, J = 8.9 Hz, 4H); 7.16 (d, 8.2 Hz, 2H); 7.00 (d, J = 8.9 Hz, 4H);
3.95-3.89 (m, 4H); 1.81-1.76 (m, 2H); 1.60-1.41 (B6H); 1.38 (s, 12H); 1.00-0.93 (m,
12H) ppm.**c{*H} NMR (176 MHz, CDC}): & 158.8, 150.4, 146.0, 136.0, 135.9, 132.9,
127.8, 127.5, 125.1, 122.0, 114.8, 83.6, 70.6,,38046, 29.1, 25.0, 23.9, 23.2, 14.1, 11.1
ppm. Anal. calcd for €HgeBNO,: C 80.08, H 8.53, N 1.80; found: C 79.99, H 8 §6..78.
4-(4-Hexyl-thiophen-2-yl)-7-(thiophen-2-yl)benzolZ3]thiadiazole %). Compound4 (5.15

g, 13.50 mmol), thiophen-2-yl boronic acid (1.901¢4.85 mmol) and Pd(PBh (0.31 g,

0.27 mmol) were put into a three-necked 250 mL dobottom flask. Degassed THF (50



mL) and 1M NaHCQ® aqueous solution (40 mL) were added to the flask the obtained
mixture was refluxed overnight. After the reactwas allowed to reach room temperature,
the compound was extracted with diethyl ether (&) and the resulting organic phase was
washed with water (50 mL) and dried over.8i@,. After solvent removal, the crude
product was purified by column chromatography Sigetroleum ether 40-60 °C/GEl, =
5/1 v/v) yielding5 (4.05 g, 78%) as a red solftH NMR (700 MHz, CDC}): 5 8.12 (dd, J =
3.6, 1.1 Hz, 1H); 8.00 (d, J = 1.4 Hz, 1H); 7.87J¢ 7.5 Hz, 1H); 7.85 (d, J = 7.5 Hz, 1H);
7.46 (d, J = 5.0 Hz, 1H); 7.22 (dd, J = 5.0, 3% HH); 7.06 (d, J = 1.4 Hz, 1H); 2.71 (t, J =
7.7 Hz, 2H); 1.75-1.70 (m, 2H); 1.45-1.39 (m, 2@#)37-1.33 (m, 4H); 0.92 (t, J = 7.0 Hz,
3H) ppm.C{*H} NMR (176 MHz, CDC}): & 152.7, 152.6, 144.4, 139.4, 138.9, 129.1,
128.0, 127.5, 126.8, 126.3, 125.8, 125.5, 121.,,30.7, 30.5, 29.1, 22.6, 14.1 ppm. Anal.
calcd for GoH20N2Ss: C 62.46, H 5.24, N 7.28; found: C 62.49, H 5I867.24.
4-(5-Bromo-4-hexylthiophen-2-yl)-7-(thiophen-2-yBhzo[2,1,3]thiadiazole6). A solution

of N-bromo-succinimide (1.78 g, 10.00 mmol) in DMF (8L.) was added dropwise to a
solution of compound (3.85 g, 10.00 mmol) in DMF (90 mL) kept at O °Bfter the
addition, the obtained reaction mixture was warrteedoom temperature and allowed to
react for further 2 h before quenching with wate®@Q mL). The compound was extracted
with diethyl ether (3 x 100 mL) and the combinedaoric phases were washed with water
(50 mL) and dried over N&Q,. After solvent removal, the crude product was fipedti by
column chromatography (SiOpetroleum ether 40-60 °C/GEIl, = 5/1 v/v) to afford6
(3.48 g, 75%) as a red solitH NMR (700 MHz, CDCJ): 4 8.13 (dd, J = 3.6, 1.1 Hz, 1H);
7.86 (d, J = 7.5 Hz, 1H); 7.79 (s, 1H); 7.78 (& 3.5 Hz, 1H); 7.47 (dd, J = 5.0, 1.1 Hz,
1H); 7.23 (dd, J = 5.0, 3.6 Hz, 1H); 2.70 (t, J.Z FAz, 2H); 1.74-1.70 (m, 2H); 1.46-1.39
(m, 2H); 1.38-1.32 (m, 4H); 0.93 (t, J = 7.0 Hz,)3ppm. *C{*H} NMR (176 MHz,

CDCl3): 6 152.6, 152.3, 143.0, 139.3, 138.6, 128.1, 12&0,6, 126.9, 126.1, 125.7, 125.3,



125.0, 111.5, 31.6, 29.7, 29.6, 29.0, 22.6, 14rh.ppnal. calcd for GoH;9BrN,Sz: C 51.83,

H 4.13, N 6.04; found: C 51.79, H 4.16, N 6.04.
4-(3-Hexyl-5-(7-(thiophen-2-yl)benzo[2,1,3]thiad@z-yl)thiophen-2-yl)benzaldehyd&)(
Compound6 (3.20 g, 6.90 mmol), 4-formylphenyl boronic aciil4 g, 7.59 mmol) and
Pd(PPh)4 (0.16 g, 0.14 mmol) were put into a three-neck8@ inL round bottom flask.
Degassed THF (30 mL) and 1M NaHg&nueous solution (20 mL) were added to the flask
and the resulting mixture was refluxed for 24 htefAfcooling down the reaction to room
temperature, methylene chloride (50 mL) was adddte mixture and the resulting organic
phase was separated, washed with water (50 mL)daled over NgSO,. After solvent
removal, the crude product was purified by colurhrmomatography (Sig) petroleum ether
40-60 °C/CHCI, = 3/1 v/v) to obtair7 (2.53 g, 75%) as a red solitH NMR (700 MHz,
CDCl3): 8 10.08 (s, 1H); 8.15 (dd, 3.6, 1.1 Hz, 1H); 8.041(d); 7.97 (d, J = 8.3 Hz, 2H);
7.89 (s, 2H); 7.72 (d, J = 8.3 Hz, 2H); 7.48 (d&; 5.0, 1.1 Hz, 1H); 7.23 (dd, J = 5.0, 3.6
Hz, 1H); 2.80 (t, J = 7.7 Hz, 2H); 1.74-1.69 (m,)2H.45-1.38 (m, 2H); 1.38-1.32 (m, 4H);
0.93 (t, J = 7.0 Hz, 3H) ppnt®C{*H} NMR (176 MHz, CDC}): d 191.6, 152.7, 152.6,
141.3, 140.8, 139.3, 138.7, 135.1, 130.5, 130.0,5,2128.0, 127.6, 126.9, 125.7, 125.6,
125.5, 31.6, 30.9, 29.2, 29.1, 22.6, 14.0 ppm. Aceltd for G/H24N0Ss: C 66.36, H 4.95,

N 5.73; found: C 66.29, H 4.96, N 5.74.
4-(5-(7-(5-Bromothiophen-2-yl)benzo[2,1,3]thiadi&Zeyl)-3-hexylthiophen-2-
yl)benzaldehyde§). A solution of N-bromo-succinimide (0.91 g, 5.12 mmol) in DMF (30
mL) was added dropwise to a solution of compourid.50 g, 5.12 mmol) in DMF (45 mL)
kept at O °C. After the addition, the obtained tmac mixture was warmed to room
temperature and allowed to react for further 2 tof@equenching with water (50 mL). The
compound was extracted with diethyl ether (3 x 390 Bnd the combined organic phases
were washed with water (50 mL) and dried ovepd@. After solvent removal, the crude

product was purified by column chromatography Sigetroleum ether 40-60 °C/GEl, =



3/1 v/v) to afford8 (2.35 g, 81%) as a red solitH NMR (700 MHz, CDC}): 5 10.08 (s,
1H); 8.05 (s, 1H); 7.97 (d, J = 7.9 Hz, 2H); 7.88J = 7.4 Hz, 1H); 7.83-7.80 (m, 2H); 7.72
(d, J = 7.9 Hz, 2H); 7.17 (d, J = 4.0 Hz, 1H); 2(¥9J = 7.7 Hz, 2H); 1.77-1.71 (m, 2H);
1.43-1.36 (m, 2H); 1.34-1.28 (m, 4H); 0.93 (t, Y8 Hz, 3H) ppm*C{*H} NMR (176
MHz, CDCk): 6 191.6, 152.4, 152.4, 141.4, 140.7, 140.6, 1388,11, 135.1, 130.7, 130.6,
130.1, 129.5, 127.3, 125.9, 125.4, 125.2, 125.4,71131.6, 30.9, 29.7, 29.2, 22.6, 14.0
ppm. Anal. calcd for &H.3BrN,OSs: C 57.14, H 4.08, N 4.94; found: C 57.19, H 4.86,
5.00.

4-(5-(7-(5-(4-(\,N-Bis-(4-(2-ethylhexyloxy)-phenyl)-amino-phenyl)-tdphen-2-
yhbenzo[2,1,3]thiadiazol-4-yl)-3-hexylthiophen-2lyenzaldehyde 9. 4-(4,4,5,5-
Tetramethyl-1,3,2-dioxaborolan-2-yl)-N,N-bis((2-glirexyloxy)phen-4-yl)aniline (0.61 g,
0.97 mmol), compoun8 (0.50 g, 0.88 mmol) and Pd(P##h(0.05 g, 0.04 mmol) were put
into a three-necked 50 mL round bottom flask. DegdsTHF (15 mL) and 1M NaHGO
aqueous solution (10 mL) were added to the flagktha resulting mixture was refluxed for
24 h. After cooling down the reaction to room tenapere, methylene chloride (50 mL) was
added to the mixture and the resulting organic @lvess separated, washed with water (50
mL) and dried over N&O,. After solvent removal, the crude product was fpedi by
column chromatography (S¥DCH,CI,) to obtain9 (0.74 g, 85%) as a purple solitH
NMR (700 MHz, CDC}): 4 10.10 (s, 1H); 8.16 (d, J = 3.8 Hz, 1H); 8.051¢d); 7.99 (d, J =
8.5 Hz, 2H); 7.93-7.88 (m, 2H); 7.74 (d, J = 8.5 BiE); 7.52 (d, J = 8.5 Hz, 2H); 7.31 (d, J
= 3.8 Hz, 1H); 7.11 (d, J = 8.7 Hz, 4H); 6.97 (& 8.5 Hz, 2H); 6.88 (d, J = 8.7 Hz, 4H);
3.87-3.84 (m, 4H); 2.79 (t, J = 7.7 Hz, 2H); 1.792(m, 4H); 1.57-1.30 (m, 24H); 0.99-
0.89 (m, 15H) ppm**C{*H} NMR (176 MHz, CDC}): & 191.9, 156.0, 152.6, 152.5, 148.7,
146.3, 141.3, 140.9, 140.2, 138.9, 137.7, 137.6,0,3130.3, 130.1, 129.5, 129.1, 126.9,

126.5, 126.4, 125.8, 125.7, 124.9, 122.7, 120.5,31170.7, 39.4, 31.6, 30.9, 30.6, 29.7,



29.3 29.2, 29.1, 23.9, 23.2, 22.6, 14.2, 14.1, Thm. Anal. calcd for gHedN303Ss: C
74.12, H 7.04, N 4.25; found: C 74.19, H 7.06, R&4.
4-(5-(7-(5-(4-(\,N-Bis-(4'-(2-ethylhexyloxy)-1,1'-biphen-4-yl)-amirmhenyl)-thiophen-2-
yhbenzo[2,1,3]thiadiazol-4-yl)-3-hexylthiophen-2dyenzaldehydelQ). Compound3 (0.76

g, 0.97 mmol), compound (0.50 g, 0.88 mmol) and Pd(P#§h(0.05 g, 0.04 mmol) were
put into a three-necked 50 mL round bottom flaskg&ssed THF (15 mL) and 1M NaHgO
agueous solution (10 mL) were added to the flagktha resulting mixture was refluxed for
24 h. After cooling down the reaction to room tengpere, methylene chloride (50 mL) was
added to the mixture and the resulting organic @lvess separated, washed with water (50
mL) and dried over N&O,. After solvent removal, the crude product was fpedi by
column chromatography (S¥DCH.CI,) yielding 10 (0.87 g, 87%) as a purple solitH
NMR (700 MHz, CDC4): & 10.10 (s, 1H); 8.18 (d, J = 3.8 Hz, 1H); 8.071¢d); 7.99 (d, J =
8.2 Hz, 2H); 7.93-7.91 (m, 2H); 7.74 (d, J = 8.2 BiE); 7.64 (d, J = 8.4 Hz, 2H); 7.55 (d, J
= 8.3 Hz, 4H); 7.52 (d, J = 8.3 Hz, 4H); 7.39 (& 3.5 Hz, 1H); 7.25 (d, J = 8.3 Hz, 4H);
7.21 (d, J = 8.4 Hz, 2H); 7.00 (d, J = 8.3 Hz, 4B1P4-3.88 (m, 4H); 2.82 (t, J = 7.7 Hz,
2H); 1.81-1.73 (m, 4H); 1.57-1.30 (m, 24H); 0.98D(m, 15H) ppm**C{*H} NMR (176
MHz, CDCk): 6 191.8, 158.8, 152.6, 147.5, 145.9, 141.4, 14(88,9, 137.8, 137.7, 135.8,
135.0, 132.8, 130.4, 130.1, 129.6, 129.5, 129.8,112128.0, 127.7, 127.5, 126.7, 126.2,
125.7, 125.1, 125.0, 124.8, 123.6, 123.3, 114.8,789.4, 31.7, 30.9, 30.5, 29.3, 29.2, 29.1,
23.8, 23.2, 22.6, 14.2, 14.1, 11.1 ppm. Anal. cdtrdC;3H,7N303S3: C 76.87, H 6.80, N
3.68; found: C 76.79, H 8.76, N 3.65.
3-(4-(5-(7-(5-(4-\N,N-Bis-(4-(2-ethylhexyloxy)-phenyl)-amino-phenyl)-tdphen-2-
yhbenzo[2,1,3]thiadiazol-4-yl)-3-hexylthiophen-2y9henyl)-2-cyanoacrylic  acid G4).
Compound (0.49 g, 0.50 mmol), cyanoacetic acid (0.09 g0 Irtimol) and piperidine (0.04
g, 0.50 mmol) were put into a three-necked 100 mund bottom flask. Degassed

chloroform (50 mL) was introduced into the flasldahe resulting mixture was refluxed for



4 h. After cooling down the reaction to room tengtere, the solvent was evaporated and
the residue was purified by column chromatograp8yO{, CH,Cl,/MeOH = 20/1 v/v)
yielding G4 (0.25 g, 47%) as a purple solfti NMR (700 MHz, DMSO-g): & 8.29 (s, 1H),
8.18-8.08 (m, 6H), 7.73 (d, J = 8.4 Hz, 2H), 7.87J = 8.4 Hz, 2H), 7.48 (d, J = 3.7 Hz,
1H), 7.05 (d, J = 8.6 Hz, 4H), 6.94 (d, J = 8.6 ¥H), 6.81 (d, J = 8.1 Hz, 2H), 3.84 (d, J =
5.8 Hz, 4H); 2.74 (t, J = 6.8 Hz, 2H); 1.71-1.65 @hi); 1.49-1.22 (m, 24H); 0.93-0.82 (m,
15H) ppm. Anal. calcd for £H7oN4O4Ss: C 72.83, H 6.68, N 5.31; found: C 72.77, H 6.65,
N 5.28. IR (KBr):vmax 3445, 3041, 2954, 2924, 2854, 2223, 1697, 15884,15236, 829

cm ™

3-(4-(5-(7-(5-(4-N,N-Bis-(4'-(2-ethylhexyloxy)-1,1'-biphen-4-yl)-amimulenyl)-thiophen-
2-yh)benzo[2,1,3]thiadiazol-4-yl)-3-hexylthiopheryPphenyl)-2-cyanoacrylic acid @5).
Compound10 (0.57 g, 0.50 mmol), cyanoacetic acid (0.09 g0Infimol) and piperidine
(0.04 g, 0.50 mmol) were put into a three-necke@ daf round bottom flask. Degassed
chloroform (50 mL) was introduced into the flasldahe resulting mixture was refluxed for
4 h. After cooling down the reaction to room tengtere, the solvent was evaporated and
the residue was purified by column chromatogragbyp{, CH,Cl.,/MeOH = 20/1 v/v) to
obtainG5 (0.27 g, 45%) as a purple solitHi NMR (700 MHz, DMSO-g): 3 8.22-8.12 (m,
5H), 8.10-8.03 (m, 3H), 7.75-7.67 (m, 5H), 7.6477(f, 7H), 7.16 (d, J = 7.8 Hz, 4H), 7.12
(d, J = 8.1 Hz, 2H), 7.01 (d, J = 7.8 Hz, 4H), 3(89J = 5.9 Hz, 4H); 2.77 (t, J = 6.9 Hz,
2H); 1.73-1.66 (m, 4H); 1.48-1.23 (m, 24H); 0.93D.(m, 15H) ppm. Anal. calcd for
C76H78N404Ss: C 75.59, H 6.51, N 4.64; found: C 75.59, H 6.8I64.65. IR (KBr): Vimax

3435, 3032, 2955, 2923, 2854, 2217, 1597, 149141220 cm.
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Highlights

New D-A-TeA organic sensitizers were structurally tailored to enhance DSSC performances.
TD-DFT calculations were performed for providing insights into the excitation dynamics.
Photophysical and electrochemical properties are in good agreement with the theoretical results.

DSSC performances up to 9.8% in terms of PCE were obtained.





