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A B S T R A C T

This study establishes a theoretical and technical pathway, based on electroanalytical methods, for an optimized 
design of DSSCs with balanced short-circuit current density (Jsc) and open-circuit voltage parameters (Voc). In 
this paper, isoindigo (iI) and benzothiadiazole (BTZ) are included as auxiliary acceptors in A-iI-Ph-SIL and A- 
BTZ-Ph-SIL dyes, respectively. The strength of auxiliary acceptors greatly influences the thermodynamic pa
rameters governing the electron transfer process, as well as the proper distribution of electron density in orbitals. 
Theoretical calculations reveal that the isoindigo unit, in A-iI-Ph-SIL, exhibits a strong acceptor character that 
hinders charge transfer from the donor to the primary acceptor. However, in the A-BTZ-Ph-SIL, the moderate 
acceptor character of the benzothiadiazole unit allows charge movement across the molecule. Voltammetric 
analyses indicate that, in A-iI-Ph-SIL, the electron injection into the semiconductor is compromised because its 
excited state energy level is too close to the TiO2 conduction band edge. This fact limits the necessary driving 
force for efficient injection process. To overcome this, the influence of the iodide/triiodide electrolyte compo
sition on the electrochemical properties is explored. A concentration of 0.1 M tert-butylpyridine yields the 
optimal efficiency in these devices. This particular concentration strikes the right balance between Jsc and Voc. 
Notably, this optimized concentration led to a significant 44 % improvement in DSSC efficiency compared to the 
conventional 0.5 M tert-butylpyridine concentration, achieving a maximum efficiency of 4.79 %. Electrochemical 
Impedance Spectroscopy indicates that better conversion efficiencies of the devices are linked to a high charge 
transfer resistance at the TiO₂/solvent interface.

1. Introduction

Dye sensitized solar cells (DSSCs) are described as an alternative to 
conventional solar cells with certain applications such as greenhouse 
cladding or wireless sensors due to its lightness and flexibility. [1] They 
are formed by a photoanode and a counter electrode assembled with an 
electrolyte between them. While DSSCs effectively generate high pho
tovoltages under short-wavelength irradiation, examples of dye- 
sensitized solar cells sensitive to Near-Infrared (NIR) radiation remain 
scarce. [2] The limited NIR response of D-π-A dyes leaves a portion of the 
solar spectrum untapped [1] and the open-circuit voltages of devices are 
sometimes low due to dark current phenomena, and these dyes generally 
exhibit some short lifetimes. As an alternative, D-A’-π-A dyes, where A’ 
is an auxiliary electron-withdrawing group, have emerged [3]. This 
group can play three roles [4]: (a) increasing the length of the π spacer, 

(b) improving charge delocalization, and (c) reducing the recombina
tion. Thus, these systems allow for extending the spectral response, 
modulating the energy levels involved in the charge transfer process, 
and improving dye stability [5], giving rise to a new generation of 
efficient dyes [6]. Numerous examples of auxiliary acceptor systems are 
found, such as benzothiadiazole [5,7], benzotriazole [8], 2H-[1,2,3] 
triazolo[4,5-c]pyridine [9], naphthobisthiadiazole [10] and isoindigo, 
among others [11]. Isoindigo-based molecules have been developed for 
various fields of optoelectronics, such as OPVs [12,13] (Organic Pho
tovoltaics) or OFETs (Organic Field-Effect Transistors), but in the field of 
DSSCs, we find few examples where this unit is used in D-A’-π-A systems 
[14–16]. Its use is limited maybe due to its low solubility [12]. As iso
indigo exhibits the broadest absorption in the low-energy range of all the 
aforementioned systems [12,14,17], it was chosen as the object of study. 
Thus, motivated by the interest in extended absorption, the synthetic 
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accessibility is proposed to be improved with a C5-N-alkylation reaction.
A crucial aspect of the photovoltaic effect involves rapid electron 

injection from a photo-excited dye into the conduction band (CB) of 
TiO₂, followed by the regeneration of the dye and the transport of holes 
to the counter electrode [18]. So far, the optimization of DSSCs has 
primarily focused on a suite of parameters, such as light absorption and 
the collection of generated electrons. However, advances in electron 
dynamics techniques have highlighted the complexity of processes 
occurring at the TiO2/dye/electrolyte interface and the importance of 
considering them when globally evaluating the factors affecting the ef
ficiency of these devices. Koops, et al. [19] reported that, for the 
ruthenium N719 dye, the additives typically used in the liquid electro
lyte have a decisive influence on the electron injection process. Specif
ically, both the tert-butylpyridine and the Li+ are typically added to 
obtain the maximum Voc. These additives adjust the surface charge of 
TiO₂ and, consequently, its conduction band, thereby acting as modu
lators between the energy level of the dye in the excited state and the 
TiO₂ conduction band [19].

This study will pave the way to design DSSCs with balanced J-V 
parameters to enhance the photovoltaic properties. In order to do that, 
first we propose the synthesis of a new dye, A-iI-Ph-SIL, a D-A’-π-A, 
system that will use the isoindigo (iI) as the auxiliary acceptor A’ and 
will feature the N,N′-dialkylaniline (A) unit as the donor group. It is 
known that alkylanilines exhibit favorable properties, such as their 
simple structure, their good donor capacity, superior to triarylamines, 
and a high light absorption capacity [20]. This makes them alternative 
candidates to the commonly used donors. This aniline donor will be 
functionalized with an alkylsilyl group (SIL), which is expected to 
improve the solubility and stability of the molecules, as well as 
contribute to the bathochromic shift of the absorption spectrum [21]. N- 
alkylation of the nitrogen atoms in the isoindigo unit with pentyl chains, 
which are not explored, will be incorporated, which is expected to also 
improve solubility and prevent molecular aggregation [22]. The phenyl 
ring (pH), which will form a part of the π -unit, is expected to both 
reduce the recombination events [23] and stabilize the system. Finally, 
the cyanoacetic acid will be the acceptor and anchoring group that is 
expected to provide good properties to the sensitizer of these Grätzel- 
type cells. An analogous D-A’-π-A dye, based on benzothiadiazol, A-BTZ- 
Ph-SIL (Chart 1) [7], will be compared with A-iI-Ph-SIL, which also has a 
D-A’-π-A structure, to study the effect of the strength of auxiliary ac
ceptors in dialkylaniline-A’-π-A dyes to find a structure-property rela
tionship to further design new D-A’-π-A sensitizers for DSSCs. Finally, 
considering the strong influence of tert-butylpyridine (TBP) on the band 
edge of the conduction band of TiO2 we proposed the modulation of this 
level. In order to achieve an excited state sufficiently high in energy to 
favor electron injection into the semiconductor, different TBP contents 

were explored.

2. Experimental

2.1. Synthesis and characterization

The dye A-iI-Ph-SIL, shown in Chart 1, is prepared by a convergent 
route (Scheme 1). The synthesis of A-BTZ-Ph-SIL was reported by [7].

2.1.1. 6,6’-Dibromo-N,N′-(1-pentyl)-isoindigo (3)
Under argon, 6,6′-dibromo isoindigo 2 (420 mg, 1.0 mmol) was 

dissolved in DMF. At 0 ◦C potassium carbonate was added (829 mg, 6.0 
mmol) and the mixture was stirred for 30 min. 1-bromopentane was 
added dropwise at 0 ◦C and this mixture was heated to 100 ◦C for 18 h. 
After cooling, the DMF was evaporated. The residue was dissolved in 
CH2Cl2 and was washed with brine (1 × 50 mL) and with water (1 × 50 
mL). The organic layer was dried with anhydrous MgSO4. The solvent 
was removed under reduced pressure and the residue was purified by 
column chromatography using silica gel (hexane/CH2Cl2 6:4) and the 
final product was isolated as a red solid (370 mg, 66 %).

Molecular weight (g mol− 1): 560.33 IR (KBr) cm− 1: 1597, 1687 
(C=O), 2926 (Ar–H) Melting point (◦C): 193 1H NMR (400 MHz, CDCl3, 
293 K): δ (ppm) 0.91 (t, J = 7.2 Hz, 6H), 1.35–1.38 (m, 8H), 1.68 (quint, 
J = 7.2 Hz, 4H), 3.71 (t, J = 7.6 Hz, 4H), 6.91 (d, J = 1.6 Hz, 2H), 7.17 
(dd, J1 = 1.6 Hz, J2 = 8.8 Hz, 2H), 9.06 (d, J = 8.8 Hz, 2H) 13C NMR 
(100 MHz, CDCl3, 293 K): δ (ppm) 14.4, 22.5, 27.2, 29.2, 40.3, 111.4, 
120.5, 125.2, 126.8, 131.3, 132.7, 145.9, 167.8 HMRS (ESI+) m/z: 
calculated [C26H28Br2N2NaO2]: 581.0410, found: 581.0393 [M + Na]+.

2.1.2. 4-(6’-Bromo-N,N′-(1-pentyl)-isoindigo)-N-(2-((tert- 
butyldimethylsilyl)oxy)ethyl)-N-methylaniline (4)

To a solution of 4-bromo-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)- 
N-methylaniline 1 (0.43 g, 1.25 mmol) in THF (30 mL) at − 78 ◦C of 
temperature under argon atmosphere, a solution of n-butyllithium (1.6 
M in THF) (1.27 mL, 2.03 mmol) was slowly added and it was stirred for 
30 min. Then a solution of tributyltin chloride (0.4 mL, 1.5 mmol) was 
added and stirred for 5 min. After that, the reaction mixture was stirred 
at room temperature for 150 min. The reaction mixture was quenched 
by the addition of 50 mL of diethyl ether and the organic layer was 
washed with brine and dried over magnesium sulfate. After concentra
tion under reduced pressure, the yellow residue was used without pu
rification in the next step.

In a flask with the yellow residue solved in 22 mL of anhydrous 
toluene, a solution of 6,6’-Dibromo-N,N′-(1-pentyl)-isoindigo 3 (0.49 g, 
0.87 mmol) was added. The mixture was degassed with argon during 15 
min. Then Pd(PPh3)4 (0.075 g, 0.0754 mmol) was added and the 

Chart 1. D-A’-π-A type dyes: A-iI-Ph-SIL and A-BTZ-Ph-SIL.
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mixture was heated to 100 ◦C for 15 h under argon atmosphere. The 
reaction was quenched by the addition of 66 mL of water. The mixture 
was extracted with toluene (2 × 60 mL). The organic layer was washed 
with a saturated solution of NH4Cl (1 × 60 mL) and H2O (2 × 60 mL), 
was dried over magnesium sulfate and the solvent was evaporated by 
reduced pressure. The residue was purified by flash chromatography, 
first with hexane/diethyl ether 94/6 to remove the and finally hexane/ 
diethyl ether 90/10 to afford the desired as purple solid (372 mg, 57 %).

Molecular weight (g mol− 1): 744.88 IR (KBr) cm− 1: 1600, 1687 
(C=O), 2931 (Ar–H) Melting point (◦C): 119 1H NMR (400 MHz, CDCl3, 
293 K): δ (ppm) -0.04 (s, 6H), 0.89 (s, 9H), 0.90–0.94 (m, 6H), 1.35–1.39 
(m, 8H), 1.72 (quint, J = 7.2 Hz, 4H), 3.07 (s, 3H), 3.54 (t, J = 6 Hz, 2H) 
3.75 (t, J = 6 Hz, 2H), 3.78–3.85 (m, 4H), 6.78 (d, J = 8.8 Hz, 2H), 6.92 
(d, J = 2 Hz, 1H), 6.94 (d, J = 2 Hz, 1H), 7.16 (dd, J1 = 2 Hz, J2 = 8 Hz, 
1H), 7.24 (dd, J1 = 2 Hz, J2 = 8 Hz, 1H), 9.07 (d, J = 8.4 Hz, 1H), 9.17 
(d, J = 8.4 Hz, 1H) 13C NMR (75 MHz, CDCl3, 293 K): δ (ppm) -5.2, 
− 14.1, 22.6, 26.0, 27.3, 27.5, 28.6, 29.3, 39.4, 40.2, 40.3, 54.9, 60.6, 
105.3, 111.2, 112.1, 119.6, 119.7, 120.9, 125.0, 125.7, 127.6, 128.0, 
130.3, 130.6, 130.8, 145.5, 145.8, 145.9, 149.6, 168.1, 168.6 HMRS 
(ESI+) m/z: calculated [C41H55BrN3O3Si]: 744.3190, found: 744.3219 
[M + H]+.

2.1.3. 6-(6′-(4-(N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N- 
methylaniline)-N, N′-(1-pentyl)-isoindigo)-benzaldehyde (5)

Compound 4 (372 mg, 0.5 mmol), Pd2(dba)3 (15 mg), P(o-tyl)3 (10 
mg) and K3PO4 (531 mg, 2.5 mmol) were dissolved in anhydrous THF in 
argon atmosphere. The mixture was heated to 50 ◦C for 30 min. A so
lution of 4-formylphenylboronic acid (225 mg, 1.5 mmol) in THF was 
added dropwise to the mixture and it was heated up to 80 ◦C and stirred 
overnight. After cooling, the crude product was extracted with 
dichloromethane and the organic layer was washed with brine and 
water. It was dried over magnesium sulfate and the solvent was evap
orated by reduced pressure. The residue was purified by flash chroma
tography, using silica gel (hexane/AcOEt 9:1) and the final product was 
isolated as a purple solid (267 mg, 69 %).

Molecular weight (g mol− 1): 770.09 IR (KBr) cm− 1: 1600, 1695 
(C=O), 2927 (C–H), Melting point (◦C): 178 1H NMR (300 MHz, CDCl3, 

293 K): δ (ppm) 0.05 (s, 6H), 0.90 (s, 9H), 0.91–0.95 (m, 6H), 1.35–1.47 
(m, 8H), 1.76 (quint, J = 6.6 Hz, 4H), 3.07 (s, 3H), 3.55 (t, J = 6 Hz, 2H), 
3.81 (t, J = 6 Hz, 2H), 3.83–3.90 (m, 4H), 6.78 (d, J = 9 Hz, 2H), 6.95 (d, 
J = 1.5 Hz, 1H), 7.00 (d, J = 1.5 Hz, 1H), 7.26 (dd, J1 = 1.5 Hz, J2 = 8 
Hz, 1H), 7.31 (dd, J1 = 1.5 Hz, J2 = 8 Hz, 1H), 7.57 (d, J = 9 Hz, 2H), 
7.80 (d, J = 8.1 Hz, 2H), 7.98 (d, J = 8.1 Hz, 2H), 9.20 (d, J = 8.4 Hz, 
1H), 9.27 (d, J = 8.4 Hz, 1H), 10.07 (s, 1H) 13C NMR (75 MHz, CDCl3, 
293 K): δ (ppm) -5.2, − 14.1, 22.6, 26.0, 27.5, 29.3, 39.4, 40.2, 54.9, 
60.6, 105.3, 106.5, 112.1, 119.7, 121.2, 122.4, 127.6, 127.8, 128.0, 
128.2, 130.2, 130.5, 130.7, 134.0, 135.8, 142.8, 145.2, 145.9, 146.7, 
149.6, 168.4, 168.6, 191.9 HMRS (ESI+) m/z: calculated 
[C48H59N3O4Si]: 769.4269, found: 769.4235 [M]+.

2.1.4. Dye (2E)-3-{4-[(E)-6′-[4-({2-[(tert-butyldimethylsilyl)oxy]ethyl} 
(methyl)amino)phenyl]-2,2′-dioxo-1,1′-dipentyl-1H,1′H,2H,2′H-[3,3′- 
biindolyliden]-6-yl]phenyl}-2-cyanoprop-2-enoic acid, A-iL-Ph-SIL

To a solution of cyanoacetic acid (75 mg, 0.85 mmol) and piperidine 
(167 μL, 1.58 mmol) in dry chloroform (15 mL) a solution of the alde
hyde 5 (100 mg, 0.13 mmol) was added. The mixture was heated to 
70 ◦C of temperature for 48 h under argon atmosphere and prevented 
from light; then it was cooled down to room temperature. The mixture 
was acidified with HCl 0.1 M (20 mL) and extracted with dichloro
methane (2 × 50 mL). The organic layer was washed with water (3 × 50 
mL), dried over magnesium sulfate and the solvent was evaporated by 
reduced pressure. The resulting solid was triturated with cold pentane. 
The final product was isolated as a dark blue (69 mg, 63 %).

Molecular weight (g mol− 1): 837.13 IR (KBr) cm− 1: 1600, 1691 
(C=O), 2221 (C–––N), 2854, 2929 (C–H), 3414 (O–H) Melting point 
(◦C): 214 1H NMR (300 MHz, DMSO‑d6, 293 K): δ (ppm) 0.00 (s, 6H), 
0.85 (s, 9H), 0.85–0.90 (m, 6H), 1.30–1.38 (m, 8H), 1.61–1.74 (m, 4H), 
2.79 (s, 3H), 3.55 (t, J = 6 Hz, 2H), 3.77 (t, J = 6 Hz, 2H), 3.82–3.93 (m, 
4H), 6.80 (d, J = 9 Hz, 2H), 7.25 (s, 1H), 7.30 (dd, J1 = 1.5 Hz, J2 = 8.6 
Hz, 1H), 7.45 (s, 1H), 7.47 (dd, J1 = 1.5 Hz, J2 = 8.6 Hz, 1H), 7.57 (d, J 
= 9 Hz, 2H), 7.69 (d, J = 9 Hz, 2H), 8.01 (d, J = 8.6 Hz, 2H), 8.09 (d, J =
8.6 Hz, 2H), 8.20 (s, 1H), 9.14 (d, J = 8.4 Hz, 1H), 9.20 (d, J = 8.4 Hz, 
1H) 13C NMR insoluble HMRS (ESI+) m/z: calculated [C51H61N4O5Si]: 
837.4406, found: 837.4378 [M + H]+.

Scheme 1. Preparation of dye A-iI-Ph-SIL
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2.2. Preparation of TiO2 thin films (photoanodes)

Anodes (6 μm thick) were fabricated by screen printing TiO2 paste 
(Dyesol 18NR-AO) on F-doped tin oxide (FTO, with 15 Ω sq.− 1 sheet 
resistance) conducting glass substrates. Prior to the deposition of the 
TiO2 paste, the substrates were immersed in a solution of TiCl4 (40 mM) 
at 90 ◦C for 30 min and then dried. The TiO2 electrodes were gradually 
heated at 325 ◦C for 5 min, 375 ◦C for 5 min, 450 ◦C for 5 min and 500 ◦C 
for 15 min. The sintered TiO2 electrodes were immersed again in a so
lution of TiCl4 (40 mM) at 90 ◦C for 30 min and then washed with water 
and ethanol. The electrodes were heated again at 500 ◦C for 30 min and 
cooled before the soaking in the dye solution. The active area for devices 
was 0.25 cm2.

2.3. Fabrication of counter electrodes

The counter electrodes were made by screen printing of Platinum 
paste (PT1 Dyesol) onto a conducting glass substrate (FTO, with 8 Ω 
sq.− 1 sheet resistance), where a small hole is made to allow the intro
duction of the liquid electrolyte using vacuum, followed by heating at 
420 ◦C for 15 min.

2.4. DSSC assembly

The TiO2 electrodes were previously activated by ozone treatment 
for 25 min. These films were sensitized in 0.1 mM dye solutions in THF 
at room temperature (optimized dye loading conditions). The sensitized 
electrodes were washed with THF and dried with air.

The counter electrodes by thermal treatment, 15 min at temperature 
of 420 ◦C.

Finally, sensitized electrodes and counter electrodes were sand
wiched together using a thin thermoplastic sealing agent (MS004620, 
Dyesol) that melts at 120 ◦C. The classic I3− /I− system was used as 
electrolyte (0.53 M 1-butyl-3-methylimidazolium iodide (BMII), 0.1 M 
lithium iodide, 0.05 M iodine and 0.52 M tert-butylpyridine in anhy
drous acetonitrile). The devices were prepared in triplicate.

2.5. Characterization techniques

Infrared measurements were carried out using a Perkin-Elmer Fourier 
Transform Infrared 1600 spectrometer

Melting points were obtained on a Gallenkamp apparatus in open 
capillaries and are uncorrected.

NMR studies:1H and 13C NMR spectra were recorded on a Bruker 
AV300 or ARX300 or a Bruker AV400 at 300 or 400 MHz and 75 or 100 
MHz respectively; values are given in ppm (relative to TMS) and J values 
in Hz. The apparent resonance multiplicity is described as s (singlet), br s 
(broad singlet), d (doublet), t (triplet), q (quartet) and m (multi
plet).1H–1H COSY and 1H–13C-HSQC experiments were recorded on a 
Bruker ARX300 or a Bruker AV400 at 300 or 400 MHz in order to 
establish peaks assignment.

Mass Spectrometry studies Electrospray mass spectra were recorded on 
a Bruker Micro ToF-Q spectrometer; accurate mass measurements were 
achieved using sodium formate as external reference.

Optical absorption studies: UV–visible spectra were recorded with an 
UV–vis Cary 6000. Absorption runs were carried out with films and 
solutions 10− 4–10− 5 M THF.

On the one hand, the evolution of electrode absorption was tracked 
as a function of soaking time: TiO2 photoanodes were immersed in the 
dye solution for progressively longer times until absorption saturation 
was observed. We used semi-transparent photoanodes, ensuring their 
similarity in thickness and roughness, to establish the optimal immer
sion times for cell preparation.

On the other hand, the amount of dye adsorbed on the surface of TiO2 
anode was estimated. For dye desorption, a NaOH 10− 3 M H2O/THF 
(20:80) solution was used. The concentration of the desorbed dye 

solutions was subsequently quantified using UV–Vis absorption.
Pulse differential voltammetry measurements were performed with a 

μ-Autolab type III potentiostat using a glassy carbon working electrode, 
Pt counter electrode, and Ag/AgCl reference electrode. The experiments 
were carried out under argon in THF, with Bu4NPF6 as supporting 
electrolyte (0.1 mol L− 1). Scan rate was 0.01 V s− 1, modulation ampli
tude 0.025 V and modulation time 0.05 s− 1.

2.6. Photovoltaic performance measurements

The J/V curves of the cells were recorded using a solar simulator 
(Abet Technologies model 10,500) equipped with a 150 W xenon lamp. 
The illumination intensity was measured to be 100 mW cm− 2 with a 
calibrated silicon reference cell (by ReRa). The appropriate filters (KG5) 
were utilized to faithfully simulate the AM 1.5G spectrum. The applied 
potential and cell current were measured using a Keithley 2401 digital 
source meter.

The IPCE (incident photon to current conversion efficiency) was 
measured using a home-made set up consisting of a 150 W xenon lamp, a 
motorized monochromator and a Keithley 2401 digital source meter.

Electrochemical impedance spectroscopy (EIS) measurements were 
performed in the frequency range from 0.1 to 105 Hz. A potentiostat 
(Autolab Type III) equipped with a Frequency Response Analysis (FRA) 
module was employed for these measurements. The solar simulator 
described above was used for all measurements under illumination.

3. Results and discussion

3.1. Synthesis and characterization of dyes

The A-iI-Ph-SIL dye is prepared by a convergent route (Scheme 1) 
which starts with the aniline 1 and the isoindigo derivative 2.

On the one hand, the aniline-based donor 1 was synthesized by two 
consecutive reactions: the bromination of the commercial 2-(methyl
phenylamino)-ethanol and the subsequent formation of aniline alkoxide, 
which reacts with chloride of tert-butyldimethylsilyl [10].

On the other hand, an aldol condensation and subsequently the 
dehydration of 6-bromoisatin and 6-bromooxoindole in acetic acid 
allowed the synthesis of the auxiliary acceptor unit A’, 6′-dibromoi
soindigo 2. [24]. This product 2 was N-alkylated with pentyl bromide, 
and with the aim of increasing solubility and avoiding intra- and inter
molecular interactions [14], and the product 3 was obtained.

A Stille coupling [25] between this product 3 and the stannane of 
compound 1 was carried out and the product 4 was obtained (due to its 
instability, the organostannan intermediate was used in the next step 
without purification).

Aldehyde 5 was synthesized using a Suzuki coupling between 4-for
mylphenylboronic acid and compound 4 using a palladium catalyst 
together with a bulky tolylphosphine and K3PO4 as a base [14]. This 
aldehyde incorporates a phenyl ring to reduce planarity.

Finally, this A-iI-Ph-SIL dye was obtained by a Knoevenagel 
condensation with cyanoacetic acid in the basic medium following the 
method described in literature [26]. 1H and 13C NMR spectra of these 
synthetized compounds are reported in Supporting Information 
(Figs. A.1 – A.12).

The synthesis details of the A-BTZ-Ph-SIL dye can be found in [7].

3.2. Optical measurements

We investigated the optical and electrochemical properties of the 
dyes A-iI-Ph-SIL to determine their suitability as sensitizers for DSSCs. 
The UV–Vis optical absorption of these dyes measured in THF solution 
(1⋅10− 4 M) are shown in Fig. 1. A-iI-Ph-SIL shows enhanced and broader 
absorption characteristics compared to A-BTZ-Ph-SIL [7]. For compound 
A-iI-Ph-SIL, two absorption bands were observed in the visible region. 
The first band, around 400 nm, is assigned to the transition π → π*. The 

I. Duerto et al.                                                                                                                                                                                                                                   Journal of Electroanalytical Chemistry 1001 (2026) 119686 

4 



second one, which corresponds to the charge transfer transition between 
the donor and the acceptor, has the maximum at λmax = 575 nm. The 
charge transfer band of A-BTZ-Ph-SIL dye extends between 400 and 550 
nm, and is hypsochromically shifted with respect to A-iI-Ph-SIL.

To determine the molar extinction coefficient, optical absorption 
spectra were measured for solutions in the range 2⋅10− 5 - 1⋅10− 4 

observing a linear dependence of absorbance on concentration 
throughout the entire range. (Supporting Information, Fig. A.13). 
Table 1 shows the value of the absorption maxima wavelengths and the 
extinction coefficient of both dyes.

Moreover, UV–Vis absorption measurements were carried out on the 
sensitized TiO2 films with the aim to optimize the immersion time of the 
anode and also to control any aggregation phenomena. The existence of 
aggregates generally produces a broadening of the absorption band on 
TiO2 by increasing time, hence the importance of taking measurements 
at different immersion times. The sensitized anodes were measured after 
different immersion times, 2.5 h, 5 h and 8 h, in 0.1 mM dye solution. 
Fig. 2-left illustrates that for A-iI-Ph-SIL dye the maximum adsorption 
was achieved after 5 h of immersion. As shown in Fig. 3-left, the 
absorbance of the A-BTZ-Ph-SIL dye exhibited a clear trend towards 
saturation within 8 h of immersion. Further investigation revealed that 
increasing the immersion time to 24 h did not lead to a significant in
crease in the absorbance.

The normalized spectra (Figs. 2-right and 3-right) show a hyp
sochromic shift due to dye anchoring when comparing solutions to films. 
However, we observed no broadening or shifting of the absorption band 
in films over immersion time. Hence, we can say that aggregation phe
nomena do not take place after 8 h as inmersion time, then this time was 
chosen for immersion of the TiO2 anode in dye solutions.

3.3. Electrochemical measurements

The electrochemical properties of the dye A-iI-Ph-SIL was studied by 
differential pulse voltammetry (DPV) in THF solution 1 10− 4 M 
(Fig. A.14). The values obtained are shown in Table 2. The potential 
values of the levels involved in the charge transfer process, are of great 
importance, since their values will determine both the capacity of 
electronic injection of the dye to the semiconductor and the regenera
tion of the dye once it has been oxidized.

The oxidation potential of a dye, Eox, corresponds to the oxidation of 
the donor, in this case, the N,N′-dialkylaniline. Since A-iI-Ph-SIL and A- 
BTZ-Ph-SIL have the same donor unit, similar values were expected. In 
this case, a value of Eox =+1.13 V is obtained for both dyes (Fig. A.14, in 

Supporting Information and [7], respectively), which is more positive 
than the one associated with pair I3− /I− (+0.4 V vs. NHE). Consequently, 
we can say that A-iI-Ph-SIL and A-BTZ-Ph-SIL can be effectively regen
erated once oxidized, capturing electrons from the redox couple I3− /I−

present in the electrolyte (Supporting Information, Fig. A.15). However, 
very different values were obtained for E0–0, the energy involved in the 
transition between the ground and first excited states (also known as the 
energy gap). These values were calculated by taking the intersection of 
the tangent to the low-energy side of the absorption spectrum with the 
abscissa axis. The dye with the isoindigo unit as A’, A-iI-Ph-SIL, has a 
noticeably smaller energy gap (E0–0 = 1.78 V) than A-BTZ-Ph-SIL (E0–0 
= 2.24 V). These very different values significantly influence the excited 
state oxidation potential (Eox

* ) of each dye. For A-BTZ-Ph-SIL, the dif
ference between its Eox and the conduction band edge of TiO2 (− 0.50 V) 
is sufficient to ensure the electron transfer from the dye to the semi
conductor (Supporting Information, Fig. A.15). On the contrary A-iI-Ph- 
SIL’s Eox is too close to the TiO2 CB edge, with a difference of only 0.15 
V. This is less than the 0.2 V threshold, usually considered a requirement 
for efficient electron transfer. Consequently, electron injection from A- 
iI-Ph-SIL into the semiconductor may be hampered, leading to low 
photocurrent values in cells based on this dye.

3.4. Theoretical calculations

The theoretical calculations were used as a tool to study the charge 
transfer of the molecules. The optimization of the geometry of the 
ground state, the first excited state and the radical cation formed after 
the loss of an electron were studied by DFT. From the fundamental state, 
both the wavelength of maximum absorption and the oscillator strength, 
f, were calculated. The latter is related to the molecular absorption of 
light. The oxidation potential of the ground state, Eox, was obtained from 
the difference between the Gibbs free energy (ΔG) of the neutral species 
and that of the radical cation. The energy of the transition, E0–0, is 
calculated as the energy difference between the first excited state and 
the ground state in its optimized geometry. Finally, the oxidation po
tential of the excited state is estimated taking into account the oxidation 
potential of the fundamental state and E0–0.

The computational analysis on A-iI-Ph-SIL reveals a low excitation 
energy that corresponds to the intramolecular transfer of one electron 
from the HOMO to the LUMO. The distribution of the frontier orbitals is 
useful to understand the optoelectronic properties of these dyes because 
they are related to both their charge transfer and optical properties [27]. 
Fig. 4 depicts the distribution of HOMO and LUMO orbitals involved in 
the electron transfer of the A-iI-Ph-SIL dye. It is observed that the HOMO 
orbital is located on the aniline moiety, the donor part of the molecule, 
with an extension into the adjacent phenyl ring. The LUMO orbital is 
mainly located in the central area of the isoindigo unit and no significant 
electron density is appreciated in the acceptor and anchor group of the 
molecule. This scarce electron distribution of the LUMO orbital in the 
part of the dye that interacts with the semiconductor, together with the 
poor overlap observed between the orbitals HOMO and LUMO, suggests 
that the device with A-iI-Ph-SIL will exhibit low photocurrent values, 
since electron injection is seriously hampered [28].

Comparison of the molecular properties listed in Table 3 with 
experimental data in Tables 1 and 2 reveals good agreement. Specif
ically, excellent approximations were obtained for the Eox and E0–0 
values, with a reasonable estimation for the Eox

* value. The Eox
* value for 

A-iI-Ph-SIL estimated by DFT is energetically close to the CB edge of 
TiO2, which is suboptimal for ensuring efficient electron injection. 
Likewise, computational studies on the A-BTZ-Ph-SIL dye [7] also 
indicated that the charge transfer band corresponds to an intramolecular 
electron transfer from the HOMO to the LUMO. The HOMO orbital is 
fundamentally located in the donor part of the molecule, extending to
wards the benzothiadiazole ring. LUMO extends from the auxiliary 
acceptor BTZ to the acceptor and anchoring group of the molecule. This 
extended LUMO distribution facilitates its effective overlap with 

Fig. 1. UV–Vis spectra of dyes A-iI-Ph-SIL and A-BTZ-Ph-SIL [7].

Table 1 
Optical parameters of dyes A-iI-Ph-SIL and A-BTZ-Ph-SIL.

Dyes λa

(nm)
λb

(nm)
ε⋅10− 4 

(M− 1 cm− 1)

A-iI-Ph-SIL 575 554 1.76 ± 0.01
A-BTZ-Ph-SIL [7] 471 448 1.44 ± 0.05

a THF solution.
b TiO2 film.
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conduction band edge, leading to more efficient electron injection into 
the CB [29] compared to the A-iI-Ph-SIL dye.

To understand the role of auxiliary acceptors (A’) in these D-A’-π-A 
systems, computational chemistry offers tools like Natural Population 
Analysis (NPA) [30]. NPA provides crucial information on charge dis
tribution and the origin of electron transfer within these systems [31]. 
Thus, NPA analysis was performed using the M06-2× functional on the 
optimized geometries of both the ground state and the excited state for 
A-iI-Ph-SIL and A-BTZ-Ph-SIL dyes. The results are shown in Table 4.

The analysis of these charges in the ground state (S0) indicates the 
molecule’s polarization. The donor group, alkylaniline, has a positive 
value, confirming its electron-donating nature. The positive value also 
obtained for the phenyl ring, which acts as a π-spacer, demonstrates that 

Fig. 2. a) UV–Vis spectra of photoanodes sensitized with A-iI-Ph-SIL after 2.5 h, 5 h and 8 h immersion (left); b) Normalized UV–Vis spectra of A-iI-Ph-SIL film and 
solution (right).

Fig. 3. a) UV–Vis spectra of photoanodes sensitized with A-BTZ-Ph-SIL after 2.5 h, 5 h and 8 h immersion (left); b) Normalized UV–Vis spectra of A-BTZ-Ph-SIL film 
and solution (right).

Table 2 
Electrochemical properties of dyes A-iI-Ph-SIL and A-BTZ-Ph-SIL [7].

Dye Eoxa

(V)
λcut 

(nm)
E0–0

b,c

(eV)
(Eox*)c,d 

(V)

A-iI-Ph-SIL 1.13 697 1.78 − 0.65
A-BTZ-Ph-SIL 1.13 554 2.24 − 1.11

a Eox vs NHE = Eox (DPV, Ag/AgCl) +0.199.
b E0–0 = 1239.84/λcut
c E*ox vs NHE = Eox- E0–0.

Fig. 4. Molecular orbitals HOMO (left) and LUMO (right) of A-iI-Ph-SIL dye.

Table 3 
Calculated optical and electrochemical properties of dyes A-iI-Ph-SIL and A-BTZ- 
Ph-SIL.

Dye λmax
a

(nm)
fb EHOMO 

(eV)
ELUMO 

(eV)
E0–0 

(eV)
Eoxc

(V)
(Eox*)c,d

(V)

A-iI-Ph-SIL 526 1.19 − 6.50 − 2.57 1.92 1.12 − 0.80
A-BTZ-Ph-SIL 443 1.12 − 6.59 − 2.28 2.35 1.13 − 1.22

a Calculated M06-2×/6–311 + g(2d,p). Solvation Model CPCM, CH2Cl2.
b f oscillator strength
c vs NHE
d Excited stated oxidation potential vs NHE, (Eox)*=Eox-E0-0.

Table 4 
Calculated NPA charges for the different units and charge difference between the 
states of the D-A’-π-A dyes, A-iI-Ph-SIL and A-BTZ-Ph-SIL, in the ground state 
and in the excited state.

Dye State D A’ π A

A-iI-Ph-SIL So +0.049 − 0.034 +0.072 − 0.087
S1 +0.218 − 0.169 +0.061 − 0.110
Δq +0.169 − 0.135 − 0.011 − 0.023

A-BTZ-Ph-SIL So +0.062 − 0.052 +0.079 − 0.089
S1 +0.469 − 0.262 +0.020 − 0.227
Δq +0.407 − 0.210 − 0.059 − 0.138
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this unit facilitates electron transport from the donor to the acceptor. 
Since the donor and acceptor are common in both dyes, A-iI-Ph-SIL and 
A-BTZ-Ph-SIL, similar NPA charge values are obtained for these parts of 
the molecule in the ground state. The negative charges obtained for 
isoindigo, A’, and the cyanoacetic acid acceptor, A, confirm their role as 
electron-withdrawing groups.

As can be seen in Table 4, the charge difference (Δq) from the ground 
state (S0) to the excited state (S1) in the different parts of the molecule 
informs about the charge transfer [32,33] and the results obtained are 
revealing. On the one hand, the charge donated by the aniline (D) in the 
A-BTZ-Ph-SIL dye is more than double than that from the A-iI-Ph-SIL 
dye. On the other hand, the charge accepted by the cyanoacetic acid is 
six times greater in the A-BTZ-Ph-SIL dye than in the A-iI-Ph-SIL dye. 
This leads us to conclude that the isoindigo unit hinders charge transfer 
to the anchoring site. Most of the negative charge is retained, and 
virtually no increase in charge is observed in the cyanoacetic anchor 
group. This result is consistent with what has already been observed and 
corroborates the low electron density in this region of the molecule. In 
contrast, in the case of A-BTZ-Ph-SIL, the charge loss from the donor 
group is distributed between the π spacer and the acceptor groups A’ and 
A, whose negative charge indicates that they are capable of efficiently 
extracting electrons trapped in the molecular structure. Consequently, 
during the photoexcitation process, the electrons from the donor group 
of the A-BTZ-Ph-SIL dye would be transferred to the acceptor group, so 
that BTZ, in this case, allows the movement of charge to the anchor 
group.

This charge transfer that occurred during the transition from the 
ground to the excited state of the dye can be visualized using electron 
density difference maps (EDDM). [34] These representations allow the 
charge transfer associated with a transition to be indicated using a color 
code. Blue indicates the area of maximum electron density loss, while 
red indicates the area of maximum gain. The EDDM has been plotted for 
both dyes in the transition to the first excited state (Fig. 5). In A-iI-Ph- 
SIL, the charge accumulation is again observed in the isoindigo unit, 
which acts as an electron trap, with a more intense red color in this unit 
(Fig. 5, left). In contrast, in the A-BTZ-Ph-SIL dye (Fig. 5, right), the 
charge loss in the donor unit (aniline) is gained in both A’ (benzothia
diazole) and A (cyanoacetic acid). The slight blue coloration in the BTZ 
unit confirms that, despite its electrowithdrawing nature, it allows 
electron transfer from the donor to the acceptor. Therefore, better 
photovoltaic properties are expected for the A-BTZ-Ph-SIL dye than for 
A-iI-Ph-SIL.

3.5. Photovoltaic measurements

To evaluate the potential of the A-iI-Ph-SIL dye as a sensitizer in 
DSSCs, a preliminary approach was taken. The electrolyte based on the 
redox couple I3− /I− with the standard concentrations was used: BMII 
(0.5 M), LiI (0.1 M), I2 (0.05 M) and TBP (0.5 M) [35] The TiO2 pho
toanodes (6 μm thick) were sensitized in a 0.1 mM THF solution. UV–vis 
studies (Section 2.2) have shown that photoanodes with the isoindigo 
dye have an optimal immersion time of 5 h, but no deterioration is 
observed with an immersion time of 8 h. Hence this immersion time was 
chosen for both dyes, A-iI-Ph-SIL and A-BTZ-Ph-SIL, in order to build the 
devices under the same conditions and all in triplicate.

Devices with the A-BTZ-Ph-SIL dye (Supporting Information, 
Table A.1) demonstrated an efficiency of 5.73 % (Jsc = 13.8 mA/cm2, 
Voc = 0.638 V, ff = 63.9 %). This signifies a 33 % enhancement over the 
earlier reported 4.30 % (10.26 mA/cm2, 0.630 V, 66.0 %) [7]. In that 
study, the cells were prepared using photoanodes sensitized by immer
sion in dichloromethane solutions (8 h) of the dye with photoanodes 6 
and 8 μm thick, repectively. However, tetrahydrofuran (THF) was 
employed as the solvent in this case, due to the A-BTZ-Ph-SIL dye’s 
higher solubility. In these conditions, the photovoltaic performance of 
the A-iI-Ph-SIL dye was characterized (Table 5) yielding an efficiency of 
3.32 % (Jsc = 9.01 mA/cm2, Voc = 0.560 V, ff = 65.8 %). As predicted, 
the photocurrent of devices utilizing this dye (9.01 mA/cm2) was lower 
than the value reported above for the dye with BTZ as the auxiliary 
acceptor (13.80 mA/cm2). For the A-iI-Ph-SIL dye, the proximity of its 
Eox

* to the TiO2 CB edge, combined with the poor electron density of the 
LUMO orbital at the acceptor and anchoring group, negatively impacts 
the device’s performance by reducing electron injection efficiency.

Taking into account the influence of TBP on the conduction band 
edge and, concomitantly, on its Fermi level [36], we are going to 
consider different TBP contents to modulate this level and in order to 
achieve an excited state sufficiently high in energy to favor electron 
injection into the TiO2 while maintaining Voc. As we are going to see, this 
TBP modulation on the electrolyte will provide an optimization of the 
efficiency that constitutes one of the main results of this paper.

3.5.1. Effect of different concentrations of TBP on the I3− /I− electrolyte
TBP has two opposite effects on the photovoltaic parameters. The 

decrease in TBP concentration leads to an increase in Jsc, but the Voc is 
simultaneously affected negatively. Several authors have reported 
studies on DSSCs based on isoindigo dyes, where the electrolyte used 
contained tert-butylpyridine (TBP) at concentrations lower than typical 
(0.5 M) [37,38], or even completely eliminated [11,14,16]. In this case 
Jsc is improved since electron injection is favoured, because the CB of 
TiO2 is shifted to more positive potential values [38] (Fig. 6). On the 
other hand and at the same time, higher content of TBP improves the Voc, 
contributing to enhance the solar cell efficiency. This phenomenon 
stems from TBP’s Lewis basicity character and its ability to coordinate to 
the TiO2 surface via the lone electron pair on its nitrogen atom, thereby 
inducing a dipole [19]. Then, it is necessary to find a trade-off between 
the two parameters [39].

For this purpose, firstly a TBP-free I3− /I− electrolyte was used. To 
compare the behavior of these D-A’-π-A systems, photovoltaic devices 
based on both dyes were built under the same conditions: 6 μm thick 
electrodes were immersed for 8 h in 0.1 mM THF solutions of each dye.

These measurements were compared with those obtained using the 
standard electrolyte (0.5 M TBP). This electrolyte typically yields 
optimal performance for dyes with suitable energy levels, such as A-BTZ- 
Ph-SIL, as it meets the thermodynamic requirements for efficient charge 

Fig. 5. Electron density difference maps for A-iI-Ph-SIL (left) and A-BTZ-Ph- 
SIL (right).

Table 5 
Average values, experimental uncertainty of the measured photovoltaic pa
rameters and best value in brackets: open circuit voltage (Voc), short circuit 
current density (Jsc), fill factor (ff) and overall efficiency (η). Three cells of each 
type were prepared and characterized. (Experimental conditions: 6 μm thick 
photoanode of Dyesol 18NR-AO (paste). 0.1 mM THF A-iI-Ph-SIL solution. Cell 
area tested: 0.25 cm2. 24 h after self assembly.

[TBP] 
(M)

Jsc 

(mA/cm2)
Voc 

(V)
Ff 
(%)

η 
(%)

0 14.08 ± 0.17 
(14.1)

0.440 ± 0.005 
(0.440)

56.8 ± 0.4 
(57.8)

3.52 ± 0.07 
(3.59)

0.1 12.80 ± 0.20 
(13.0)

0.598 ± 0.008 
(0.590)

61.6 ± 0.6 
(62.3)

4.73 ± 0.17 
(4.79)

0.3 10.90 ± 0.10 
(11.1)

0.575 ± 0.012 
(0.578)

64.0 ± 0.9 
(62.9)

4.02 ± 0.19 
(4.11)

0.5 9.00 ± 0.01 
(9.01)

0.568 ± 0.008 
(0.560)

64.9 ± 0.9 
(65.8)

3.31 ± 0.09 
(3.32)
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injection in DSSCs.
Fig. 7-left presents the J-V curves obtained for cells incorporating 

both dyes and both electrolyte configurations. The use of TBP-free 
electrolyte yields to efficiency values of 3.59 % (14.1 mA/cm2 0.440 
V, 57.8 %) and 3.70 % (14.1 mA/cm2, 0.500 V, 52.6 %) for A-iI-Ph-SIL 
(Table 5) and A-BTZ-Ph-SIL (Supporting Information, Table A.1), 
respectively.

For the A-iI-Ph-SIL dye (see Table 5), even with the significant 
improvement in the injection process, the absence of tert-butylpyridine 
(TBP) led to a notable 120 mV decrease in the Voc values. This is due to 
the shifting of the CB edge of TiO2 towards more positive values, which 
reduces the energy difference between the CB edge and the electrolyte’s 
redox potential. This difference is directly related to the Voc parameter. 
Despite this decrease, the significant increase in photocurrent (Jsc) still 
led to an 8 % improvement in the overall efficiency of these DSSCs. 
However, for A-BTZ-Ph-SIL devices (Supporting Information, 
Table A.1), the short-circuit current values remain essentially un
changed from reference conditions (TBP 0.5 M), indicating that injection 
is unaffected. The value of the oxidation potential of the excited state 
providing a sufficient driving force, ensures adequate electron injection 
into the semiconductor minimizing the TBP effect.

The limited impact of TBP’s absence on cells with the A-BTZ-Ph-SIL 
dye was also reflected in the IPCE curve (Fig. 7-right), which was similar 
across both electrolyte configurations, reaching an IPCEmax of ~70 % 
and spanning a spectral range of 400 to 600 nm. Conversely, for the A-iI- 
Ph-SIL dye, both IPCE curves are clearly different, reaching an IPCEmax 
of 55 % with the TBP-free electrolyte. It is observed that the use of 
isoindigo extended the range of photon-to-current conversion up to 700 
nm.

Additionally, to investigate if aggregation played a role in the A-iI- 
Ph-SIL dye’s performance in the absence of tert-butylpyridine, devices 

were also constructed using CDCA as an antiaggregant. No improvement 
was observed (Jsc = 14.3 mA/cm2, Voc = 0.425 V, ff = 57.2 %, η = 3.47 
%), which reaffirms that the introduced C5 chains in this dyes effectively 
prevent aggregation phenomena, as previously predicted by UV–Vis 
spectroscopy (Fig. 2).

The stability of the devices over time was assessed through inter
mittent measurements of their photovoltaic parameters, extending 
beyond 1000 h post assembly. Fig. 8 summarizes the obtained results.

Regarding the A-iI-Ph-SIL dye (Fig. 8 left), we observe that Voc re
mains stable. However, the Jsc value and the overall device efficiency 
decrease. Low stability is one of the major drawbacks of near-NIR dyes 
and is usually associated with either the formation of aggregates or with 
the loss of directionality of the excited state, [40–42] which could be 
related to our situation with the strong acceptor character of iI. As it has 
been previously described [43] this decrease is more pronounced in 
devices that do not contain tert-butylpyridine since this additive helps 
increase their temporal stability due to the low position of the semi
conductor’s conduction band (Fig. 6). However, the efficiency of A-BTZ- 
Ph-SIL dye (Fig. 8, right) is stable over the evaluated period. The small 
decrease in Jsc can be due to both the neutralization of Li+ ions and the 
adsorption of tert-butylpyridine on the TiO2 surface. These processes 
induce a shift of the CB edge to more negative values, leading to an 
increase in Voc accompanied by a loss of photocurrent. Due to this 
opposing balance of effects, the overall efficiency is found to remain 
stable.

Considering the observed results, and with the aim of maximizing the 
efficiency of the A-iI-Ph-SIL dye, additional series of devices were con
structed by exploring other tert-butylpyridine concentrations in the 
range between 0 and 0.5 M. Thus, TBP was added at concentrations of 
0.1 and 0.3 M, maintaining the usual concentrations of the other com
ponents (BMII 0.5 M, LiI 0.1 M, and I2 0.05 M). Fig. 9-left displays the J- 
V curves for these conditions, alongside those at 0 M and 0.5 M. The 
comparison of photovoltaic parameters for DSSCs with the four explored 
electrolyte configurations can be seen in the Table 5.

It was evident from these results that electrolyte composition clearly 
impacts the injection process. The variation observed for 0 < [TBP] <
0.5 M is in agreement with existing studies showing that more basic 
electrolytes (with higher tert-butylpyridine concentrations) reduce Jsc 
while increasing Voc [19]. The improved injection performance is clearly 
visible in the IPCE (Fig. 9-right). For instance, in the absence of tert- 
butylpyridine and with a 0.1 M Li+ concentration, the highest Jsc value 
was achieved (56 % higher than the initial value), showing that the 
combination of both Li+/tert-butylpyridine additives in a 0.1/0 ratio 
achieves higher injection performance than that obtained with the 
traditional 0.1/0.5 electrolyte. The absence of tert-butylpyridine 
allowed us to achieve an IPCEmax value of 55 %, much higher than that 
obtained with a concentration of 0.5 M (IPCEmax = 20 %). The highest 

Fig. 6. Conduction band edge (ECB) shift of TiO2 with the concentration of tert- 
butylpyridine [TBP].

Fig. 7. J/V curves (left) and IPCE curve (right) with [TBP] = 0 M (.....) and [TBP] = 0.5 M (___) of the dyes A-iI-Ph-SIL (blue) and A-BTZ-Ph-SIL (orange). 6 μm thick 
photoanode. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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efficiency (η = 4.79 %) was achieved with a 0.1 M tert-butylpyridine 
(TBP) concentration. This optimal concentration represents the ideal 
trade-off between the obtained Jsc and Voc values, leading to a remark
able 44 % improvement over the initial efficiency.

3.6. EIS analysis

The charge transfer and electron transport processes were investi
gated using electrochemical impedance spectroscopy (EIS). The Nyquist 
and Bode plots for A-iI-Ph-SIL-based cells obtained under 1 SUN illu
mination are shown in Fig. 10.

The Nyquist plots (Fig. 10-left) for these DSSCs exhibit a shape that is 
common for such devices. Here, the radius of the intermediate 

semicircle is typically related to the recombination resistance (Rrec) at 
the TiO2/dye/electrolyte interface. A larger Rrec value implies a reduc
tion in recombination processes, which is known to result in a higher Voc. 
In this study, the TBP-free electrolyte resulted in a clearly smaller 
semicircle radius compared to the other compositions. This is consistent 
with the lower Voc of approximately 440 mV recorded for these cells. 
This type of effect has been reported to be related to the electron transfer 
kinetics [44]. In contrast, the addition of TBP led to much higher Voc 
values, ranging from 560 to 590 mV. Notably, the larger radius was 
observed for the [TBP] = 0.1 M composition, which resulted in the 
highest Voc and the best overall performance.

Bode plots allow us to estimate the electron lifetime in the TiO2 
photoanode from the angular frequency of the maximum in the largest 

Fig. 8. Time evolution of the photovoltaic parameters for A-iI-Ph-SIL DSSCs (left) with [TBP] = 0 M (Blue ×) and [TBP] = 0.5 M (Blue ●). A-BTZ-Ph-SIL DSSCs 
(right) with [TBP] = 0 M (Orange ×) and [TBP] = 0.5 M (Orange ●). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 9. J/V curves (left). IPCE curves (right) of the A-iI-Ph-SIL dye with different tert-butylpyridine concentrations.
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impedance semicircle arc, which appears as a peak in the mid-frequency 
region [45]. In particular, in Fig. 10-right, the values of these electron 
lifetimes increase in this order of TBP concentration: 2.429 μs ([TBP] =
0 M), 4.269 μs ([TBP] = 0.3-0.5 M, 5.660 μs ([TBP] = 0.1 M). The 
longest electron lifetime corresponds with [TBP] = 0.1 M in the elec
trolyte and results in a Voc = 590 mV, which constitutes the most 
effective suppression of the back electron transfer with the I3− /I−

mediator redox.

4. Conclusions

A new dye with a D-A’-π-A structure has been synthesized, using an 
alkylaniline as donor, D, and C5-chain-functionalized isoindigo as 
auxiliary acceptor, A’. The introduction of C5 chains into isoindigo via 
N-alkylation proved to be an effective strategy to prevent dye aggrega
tion, offering an alternative to traditional anti-aggregants like CDCA, 
which showed no improvement in device efficiency.

The strength of the auxiliary acceptor greatly influences the ther
modynamics of electron transfer and the proper distribution of electron 
density within the orbitals. The strong acceptor character of isoindigo in 
A-iI-Ph-SIL hindered efficient charge transfer from the donor to the 
acceptor. In contrast, benzothiadiazole, BTZ, a moderately strong 
acceptor, facilitated charge movement throughout the analogous A-BTZ- 
Ph-SIL molecule. In particular, for the A-iI-Ph-SIL dye, where efficient 
charge injection into the semiconductor was compromised due to a 
lower LUMO orbital energy, we found that the concentration of tert- 
butylpyridine in the electrolyte played a crucial role. Reducing the tert- 
butylpyridine content in the electrolyte shifts the TiO2 conduction band 
edge towards positive values, thereby enhancing the injection process 
and consequently boosting the photocurrent. An optimal TBP concen
tration of 0.1 M led to a remarkable 44 % improvement in efficiency for 
devices using A-iI-Ph-SIL, achieving a maximum value of η = 4.79 % by 
striking the right balance between short-circuit current and open-circuit 
voltage.

Overall, our findings suggest that utilizing a moderate auxiliary 
acceptor in sensitizers is more convenient than the use of one with a 
strong character. This, along with the value of the oxidation potential of 
the excited state providing a sufficient driving force, ensures adequate 
electron injection into the semiconductor minimizing voltage losses. 
Consequently, dyes featuring moderate auxiliary acceptors, like A-BTZ- 
Ph-SIL, prove to be more suitable candidates for D-A’-π-A sensitizers in 
DSSC devices.
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