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A B S T R A C T

Three new D-A-π-A organic dyes (1a-c) containing a 2,3-diphenylquinoxaline core as the main chromophore 
were designed to act as sensitizers for the TiO2-based photoanode of dye-sensitized photoelectrochemical cells 
(DS-PEC) for water splitting. The dyes structures featured a cyanoacrylic acid group as the terminal acceptor/ 
anchoring moiety and three different donor groups of moderate strength, namely mono- and dialkoxy-substituted 
benzenes, which were introduced to modulate the energies of the respective HOMO levels and enable the 
electron transfer from a Ru-based molecular water oxidation catalyst (WOC). Dyes 1a-c were synthesized 
following a C–H activation strategy and fully characterized. In addition, the previously known catalyst Ru(bda) 
(PyP)2 (bda = 2,2′-bipyridine-6,6′-dicarboxylate; PyP = pyridin-4-methyl phosphonic acid) was also prepared by 
modification of a reported procedure. The dynamics of charge transfer processes involving the dyes adsorbed on 
nanocrystalline TiO2 films were investigated by means of transient absorption spectroscopy. Photo- 
electrochemical experiments carried out on photoanodes functionalized with 1a-c and Ru(bda)(PyP)2 in 0.1 
M aq. Na2SO4 electrolyte showed the production of photocurrents up to ca. 0.15 mA cm− 2 at + 0.5 V vs. NHE, 
and highlighted how modifications of the TiO2 staining procedure can lead to significant differences in cell 
performances.

1. Introduction

In recent years, the potential use of hydrogen as a sustainable energy 
vector in place of fossil fuels has received increasing attention both from 
the scientific community and the industrial sector, due to its remarkable 
features of high specific energy, low carbon footprint and the possibility 
of being directly converted to electricity in fuel cells [1]. Nevertheless, 
molecular hydrogen (H2) for industrial use is still mostly produced from 
methane through the steam-reforming reaction, causing significant 
greenhouse gases emissions [2]. To enable its use as an energy carrier, it 
is therefore mandatory to develop a more environmentally friendly 
process for H2 generation on large scale. In this context, water 

electrolysis powered by renewable energy sources currently appears the 
most mature and readily applicable technology [3–5], but several other 
approaches are being investigated, including the direct conversion of 
water to oxygen and hydrogen by means of photocatalytic (PC) [6–8] or 
photoelectrochemical (PEC) [9,10] processes driven by solar light.

Concerning the latter, a number of different device architectures 
have been described in the literature, among which Dye-Sensitized 
Photoelectrochemical cells (DS-PECs) have been the subject of many 
studies in the last decade [11–14]. DS-PEC are constituted by a (photo) 
anode and a (photo)cathode, where water oxidation and reduction take 
place, respectively, connected by a metallic wire and immersed in an 
aqueous electrolyte solution. In the most common configuration (Fig. 1), 
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the photoactive electrode is the photoanode, which is usually made by a 
thin film of a wide band gap semiconductor (such as TiO2) deposed on a 
layer of a transparent conductive oxide (TCO) and sensitized towards 
visible light absorption by a molecular dye, while the cathode is 
constituted by an efficient catalytic material for hydrogen evolution 
reaction (typically platinum wire or mesh). Therefore, the fundamental 
structure of a DS-PEC is closely related to that of the well-developed 
Dye-Sensitized Solar Cell (DSSC) for electricity production [15], albeit 
with some significant differences. In particular, since water oxidation is 
a thermodynamically and kinetically challenging process, requiring 
transfer of 4 holes to form one molecule of oxygen, the photoanode is 
also usually functionalized with an appropriate water oxidation catalyst 
(WOC) [16,17], able to promote such reaction.

The working mechanism of a DS-PEC having the structure shown in 
Fig. 1 can be briefly summarized as follows [18]. Upon absorption of 
visible light, the sensitizer undergoes a photoexcitation process, pro-
moting an electron from its highest occupied molecular orbital (HOMO) 
to the lowest unoccupied molecular orbital (LUMO). The excited elec-
tron is then injected into the conduction band (CB) of the semi-
conductor, and the resulting hole on the sensitizer is transferred to the 
WOC. The injected electrons then diffuse through the semiconductor to 
the TCO layer, and from there travel along the external circuit to reach 
the platinum cathode, where they are used for hydrogen generation via 
proton reduction. Meanwhile, the holes accumulated on the WOC by 
multiple transfers from oxidized dye molecules are employed to drive 
the oxygen evolution reaction, completing the process. Accordingly, to 
ensure a proper functioning of the cell, the WOC must be able, on the one 
hand, to regenerate the oxidized dye molecules after charge injection, 
and on the other to store the appropriate amount of oxidizing equiva-
lents (holes) for the water oxidation to occur [19]. For this reason, it is 
typically constituted by a complex of a transition metal able to attain 
several consecutive oxidation states, such as ruthenium [20,21].

From the above discussion, it clearly emerges that dye-sensitization 
plays a central role in the cell working mechanism, since it is involved 
in some of its most crucial steps, namely light harvesting and charge 
separation. As a consequence, the dye used in a DS-PEC must present 
some peculiar features, including: (i) wide and intense light absorption 
in the visible region, (ii) robust anchoring to the semiconductor, (iii) 
appropriate frontier energy levels alignment to ensure electron transfer 
in the correct direction, (iv) sufficient chemical and photochemical 
stability.

Similar to DSSCs, initial reports concerning DS-PECs described the 
use of Ru-bipyridyl complexes and related species as dye sensitizers[11,
22–27], owing to their good optical and electrochemical properties. 
However, while in the case of DSSCs the attention of the researchers 
progressively shifted to the use of organic dyes, which have been the 
subject of countless studies [15] and currently hold some of the best 
performances in terms of power conversion efficiency [28–30], the use 
of metal-free dyes in DS-PECs has remained less developed [31], and 
studies have rather focused on optimizing other aspects of the cells, such 
as the composition and deposition of the anodic semiconductors [32–36] 
or the construction of complex supramolecular architectures to enhance 
charge separation and suppress charge recombination events [37–40]. 
Consequently, many of the reports dealing with the use of organic dyes 
for DS-PEC describe the application of small and relatively simple 
donor-acceptor molecules [41–43], often featuring plain thiophene 
rings as conjugated spacers [34,44,45], and therefore showing weak 
light-harvesting ability in the middle of the visible region, where the 
emission spectrum of sunlight is maximized (>500 nm) [46,47]. Notable 
exceptions, albeit limited in number, include the use of sensitizers 
containing phenothiazine [48], quinacridone [49], perylene [50], sub-
porphyrin [51] and porphyrin (not strictly metal-free) [52] units, 
sometimes also combined with the WOC through different strategies to 
form dye-catalyst molecular dyads [53–56].

Despite that, replacing Ru-based dyes with fully organic sensitizers in 
photoelectrochemical cells could be potentially advantageous thanks to 
their properties of lower cost, absence of critical or precious metals, 
simple synthesis and tunable spectroscopic properties. For this reason, 
building on our previous experience on the synthesis and application of 
organic dyes in three-component photocatalytic systems for hydrogen 
production [57–61], we turned our attention to the development of 
novel donor-π-acceptor (D-π-A) organic sensitizers showing both 
improved light-harvesting capability and optimized electrochemical 
properties for employment in DS-PEC. To fulfill this objective, we 
designed the structures of the new compounds according to the 
following basic principles: (i) in their conjugated structure, the dyes 
should feature an heterocyclic chromophore able to impart strong ab-
sorption in the visible region, possibly with maximum close to 500 nm 
and an onset around 600 nm; (ii) the sensitizers should present donor 
groups of moderate strength, so as to modulate their ground-state 
oxidation potentials (Eox) and make them compatible with the most 
common WOCs (e. g. Ru-bda complexes) [20]; (iii) alkyl chains present 
on the compounds structures could make them more soluble in common 
organic solvents, facilitating their purification and subsequent handling; 
(iv) the compounds structures should be easily obtained through a 
modular synthetic sequence allowing late-stage differentiation.

Based on the above considerations, we designed compounds 1a-c, 
featuring a 2,3-diphenylquinoxaline core as their main chromophore 
(Fig. 2). Such central unit was selected because it had been already 
successfully incorporated in several organic sensitizers for dye- 
sensitized solar cells [62] and we also observed that D-A organic com-
pounds containing a quinoxaline moiety as the central acceptor 
exhibited intense light absorption in the visible region [63,64].

In compounds 1a-c, the quinoxaline unit was flanked by two thio-
phene rings, introduced to further extend the conjugation length of the 
structures and thus red-shift their absorption spectra, and a typical 
cyanoacrylic acid moiety was chosen as the anchoring function in all 
cases. On the contrary, three different mono- or dialkoxy-substituted 
benzene rings were employed as the donor groups: as mentioned 
above, they were selected due to their moderate electron-donating 
ability compared to the common donor groups of DSSC sensitizers (e. 
g. triarylamines, indolines) [65], aiming to obtain compounds with 
relatively low HOMO energy levels, and thus make electron transfer 
from the reduced form of the WOC to the oxidized dyes thermody-
namically favored. The different number and substitution patterns of 
alkoxy substituents in compounds 1a-c were expected to induce changes 
in the electronic structures of the dyes, allowing to modulate their Eox 

Fig. 1. General structure and working mechanism of a DS-PEC with an 
active photoanode.
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values and therefore evaluate the influence of this parameter on device 
performances. Finally, the donor groups were decorated with branched 
or linear alkyl chains to improve the compounds solubility and possibly 
reduce aggregation upon binding on the semiconductor surface.

In this manuscript, we will present the results of our activity dealing 
with the modeling, synthesis, characterization and preliminary appli-
cation in DS-PECs of compounds 1a-c. First, the dyes structures were 
assessed computationally by means of DFT and TD-DFT-based methods 
to model their molecular and electronic properties and simulate their 
main light-absorption features. Then, the compounds were prepared by 
application of a concise synthetic sequence featuring Pd-catalyzed direct 
arylation (DA) reactions as the key C–C bond-forming steps. The dyes 
were fully characterized from the spectroscopic and electrochemical 
point of view, both in solution and after adsorption on electrodes made 
of thin films of nanocrystalline TiO2, which included the investigation of 
the charge transfer processes between the dyes and the semiconductor 
by means of femtosecond Transient Absorption Spectroscopy (TAS) 
studies.

The known ruthenium complex Ru(bda)(PyP)2 (Fig. 2; bda = 2,2′- 
bipyridyl-6,6′-dicarboxylic acid; PyP = pyridin-4-methyl phosphonic 
acid) [44] was then selected as a water oxidation catalyst to work in 
combination with dyes 1a-c, and was prepared by adapting a reported 
procedure. Finally, photoanodes sensitized with the new dyes and 
decorated with the chosen WOC were tested in water splitting DS-PEC 
with a 0.1 M aq. Na2SO4 electrolyte, to determine their relative 
performances.

2. Materials and methods

2.1. General synthetic remarks

All commercially available compounds were purchased from Merck 
KGaA, Fluorochem Ltd., and T.C.I. Europe Co. Ltd., and were used 
without further purification unless otherwise stated. In particular, 4,7- 
dibromobenzo[c][1,2,5]thiadiazole (2), 2-(tributylstannyl)thiophene 
(3), benzil (5), 2,2′-bipyridine-6,6′-dicarboxylic acid (bda) and pyridin- 
4-ylmethylphosphonic acid (15) were obtained from the above- 
mentioned commercial suppliers. 1-Bromo-4-((2-ethylhexyl)oxy)ben-
zene (9a) [66], 1-bromo-2,4-bis(hexyloxy)benzene (9b) [67], 
1-bromo-3,5-bis(hexyloxy)benzene (9c) [68] and the complex [Ru(bda) 
(DMSO)2] [27] were prepared according to the previously published 
synthetic procedures. Before use, Zn dust was stirred in a 1 M HCl 
aqueous solution for 15 min, then it was filtered and washed with water, 
ethanol and diethyl ether, in this order, to remove adventitious traces of 
zinc oxides. The resulting activated Zn dust was dried under vacuum and 
could be stored for months under nitrogen atmosphere. Anhydrous 
toluene, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), and 
dichloromethane (DCM) were obtained after drying with a PureSolv 
Micro apparatus (Inert). Palladium-catalyzed reactions were carried out 

under a dry nitrogen atmosphere using Schlenk techniques. Reactions 
were monitored by TLC on Kieselgel 60 F254 (Merck) aluminum sheets 
and the products were visualized by exposing the plate to UV light or by 
staining it with a basic aqueous potassium permanganate (KMnO4) so-
lution. Flash column chromatography was performed using Merck Kie-
selgel 60 (300–400 mesh) as the stationary phase. 1H NMR spectra were 
recorded at 200–400 MHz, and 13C NMR spectra were recorded at 
50.3–100.6 MHz, respectively, on Varian Gemini/Mercury/INOVA in-
struments. Chemical shifts (δ) are reported in parts per million (ppm) 
and are referenced to the residual solvent peak (CDCl3, δ = 7.26 ppm for 
1H NMR and δ = 77.16 ppm for 13C NMR; CD2Cl2, δ = 5.32 ppm for 1H 
NMR and δ = 53.84 ppm for 13C NMR; THF-d8, δ = 1.72, 3.58 ppm for 1H 
NMR and δ = 25.31, 67.21 ppm for 13C NMR; DMSO‑d6, δ = 2.50 ppm 
for 1H NMR and δ = 39.52 ppm for 13C NMR; CD3OD, δ = 3.31 ppm for 
1H NMR and δ = 49.00 ppm for 13C NMR). The following abbreviations 
are used to indicate the multiplicity: s, singlet; d, doublet; t, triplet; q, 
quartet; m, multiplet; bs, broad signal. ESI-MS spectra were obtained by 
direct injection of the sample solution using a Thermo Scientific 
LCQ-FLEET instrument, while HRMS spectra were measured using a 
Thermo Scientific LTQ Orbitrap (FT-MS) instrument (carried out at the 
Interdepartmental Center for Mass Spectroscopy of the University of 
Florence, CISM); both are reported as m/z.

2.2. Synthetic procedures

2.2.1. 4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4)
4,7-Dibromobenzo[c][1,2,5]thiadiazole (2, 1.00 g, 3.40 mmol, 1.0 

eq.) and PdCl2(PPh3)2 (0.047 g, 0.068 mmol, 2.0 mol%) were added to a 
Schlenk tube and put under inert atmosphere by performing three 
vacuum-nitrogen cycles. The solids were then dissolved in dry DMF (25 
mL) and the solution was stirred for 5 min. Then, 2-(tributylstannyl) 
thiophene (3, 2.79 g, 7.48 mmol, 2.2 eq.) was added via syringe and the 
reaction was stirred at reflux for 24 h. The reaction mixture was allowed 
to cool down to room temperature, then water (25 mL) was added, and 
the mixture was extracted with DCM (3 × 25 mL). The organic phases 
were combined and dried over anhydrous Na2SO4, filtered and the sol-
vent evaporated under reduced pressure. The crude was purified by 
recrystallization from ethanol to give compound 4 as a bright yellow 
solid (0.950 g, 3.16 mmol, 93 % yield). 1H NMR (400 MHz, CDCl3) δ =
8.13 (dd, J = 3.7, 1.1 Hz, 2H), 7.89 (s, 2H), 7.46 (dd, J = 5.1, 1.1 Hz, 
2H), 7.22 (dd, J = 5.1, 3.7 Hz, 2H) ppm. Spectroscopic data are in 
agreement with those reported in the literature [69].

2.2.2. 2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline (6)
In a round bottom flask 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thia-

diazole (4, 0.950 g, 3.16 mmol, 1.0 eq.) and zinc powder (2.07 g, 
31.6 mmol, 10 eq.) were suspended in glacial acetic acid (25 mL). The 
reaction mixture was vigorously stirred at 80 ◦C for 1.5 h to obtain a 
complete conversion of the starting material as assessed by TLC (eluent: 

Fig. 2. Structure of organic dyes 1a-c prepared in this work (left), and of the known water oxidation catalyst Ru(bda)(PyP)2 (right).
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petroleum ether/DCM 4:1 v/v). The mixture was then cooled to room 
temperature and filtered. The filtrate was poured in water and extracted 
with diethyl ether (3 × 30 mL). The combined organic phases were dried 
over Na2SO4, filtered, and the solvent evaporated under reduced pres-
sure. Without any further purification, the crude mixture was then dis-
solved in ethanol (20 mL) and benzil (5, 0.731 g, 3.48 mmol, 1.1 eq.) 
was subsequently added. The reaction mixture was then vigorously 
stirred at 80 ◦C for 16 h. After cooling down to room temperature, the 
mixture was filtered through a fritted funnel and the solid residue 
washed with cold ethanol, to afford compound 6 as a yellow solid (1.30 
g, 2.91 mmol, 92 % yield). 1H NMR (400 MHz, CDCl3) δ = 8.16 (s, 2H), 
7.89 (dd, J = 3.8, 1.1 Hz, 2H), 7.82–7.71 (m, 4H), 7.53 (dd, J = 5.1, 1.1 
Hz, 2H), 7.45–7.37 (m, 6H), 7.19 (dd, J = 5.2, 3.8 Hz, 2H). Spectro-
scopic data are in agreement with those reported in the literature [70].

2.2.3. 4-(5-(2,3-Diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl) 
benzaldehyde (8)

2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline (6, 1.00 g, 2.24 
mmol, 2.0 eq.), 4-bromobenzaldehyde (7, 207 mg, 1.12 mmol, 1.0 eq.), 
Cs2CO3 (2.19 g, 3.36 mmol, 3.0 eq), Pd(OAc)2 (13 mg, 0.056 mmol, 5 
mol%), P(2-MeOPh)3 (39 mg, 0.112 mmol, 10 mol%) and pivalic acid 
(34 mg, 0.336 mmol, 30 mol%) were added to a Schlenk tube and put 
under inert atmosphere by performing three vacuum-nitrogen cycles. 
The solids were then dissolved in dry toluene (32 mL) and the reaction 
mixture was vigorously stirred at 110 ◦C for 24 h. The solution was 
cooled to room temperature, diluted with DCM (20 mL), filtered over a 
pad of Celite®, and washed with water (2 × 30 mL) and brine (30 mL). 
The organic phase was dried over Na2SO4, filtered, and the solvent 
evaporated under reduced pressure. The crude product was purified by 
flash column chromatography (SiO2, gradient from petroleum ether/ 
DCM 3:1 to petroleum ether/DCM 1:1) to afford compound 8 (434 mg, 
0.788 mmol, 70 % yield) as a dark yellow solid. 1H NMR (400 MHz, 
CDCl3) δ = 10.01 (s, 1H), 8.14 (s, 2H), 7.92–7.85 (m, 4H), 7.81 (d, J =
8.0 Hz, 2H), 7.80–7.72 (m, 4H), 7.54 (d, J = 5.1 Hz, 1H), 7.51 (d, J = 4.1 
Hz, 1H) 7.48–7.3 (m, 6H), 7.19 (dd, J = 5.1, 3.7 Hz, 1H) ppm. 13C NMR 
(100 MHz, CDCl3) δ = 191.7, 152.0, 151.8, 145.1, 140.6, 140.3, 138.64, 
138.58, 137.3, 137.2, 135.0, 131.8, 130.67, 130.66, 130.61, 129.39, 
129.36, 129.27, 128.41, 128.36, 127.60, 127.56, 127.0, 126.8, 126.7, 
125.8, 124.9 ppm. MS (ESI) m/z: [M + H]+ calcd for C35H23N2OS2 
551.1; found: 551.3.

2.2.4. General procedure for the synthesis of compounds 10a-c (GP1)
4-(5-(2,3-Diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl) 

benzaldehyde (8), the appropriate aryl bromide 9a-c (3.0 eq.) and 
Cs2CO3 (3.0 eq.) were added to a Schlenk tube and put under inert at-
mosphere by performing three vacuum-nitrogen cycles. The solids were 
dissolved in dry toluene (3 mL) and a solution of Pd(OAc)2 (5 mol%), P 
(2-MeOPh)3 (10 mol%) and pivalic acid (30 mol%) in toluene (1 mL) 
was added. The reaction mixture was stirred at 110 ◦C for 24 h. After 
cooling down to room temperature, water (5 mL) was added and the 
mixture extracted with DCM (3 × 10 mL). The combined organic phases 
were dried over anhydrous Na2SO4, filtered, and the solvent evaporated 
under reduced pressure. Crude products were then purified by flash 
column chromatography to give the desired compounds 10a-c in pure 
form.

2.2.5. 4-(5-(8-(5-(4-((2-Ethylhexyl)oxy)phenyl)tiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)tiophen-2-yl)benzaldehyde (10a)

Prepared following general procedure GP1, using 4-(5-(2,3- 
diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl)benzaldehyde 
(8) (50 mg, 0.091 mmol, 1.0 eq.), 1-bromo-4-((2-ethylhexyl)oxy)ben-
zene (9a, 78 mg, 0.273 mol, 3.0 eq.), Cs2CO3 (89 g, 0.273 mmol, 3.0 
eq.), Pd(OAc)2 (2 mg, 0.009 mmol, 10 mol%), P(2-MeOPh)3 (6 mg, 
0.018 mmol, 20 mol%) and pivalic acid (3 mg, 0.027 mmol, 30 mol%). 
The crude product was purified by flash column chromatography (SiO2, 
petroleum ether/THF 85:15 v/v) to afford compound 10a as a red solid 

(55 mg, 0.073 mmol, 80 % yield). 1H NMR (400 MHz, THF-d8) δ = 9.95 
(s, 1H), 8.27-8.19 (m, 2H), 7.97–7.85 (m, 6H), 7.83–7.75 (m, 4H), 7.65- 
7.58 (m, 3H), 7.46–7.35 (m, 6H), 7.30 (d, J = 3.9 Hz, 1H), 6.96 (d, J =
8.6 Hz, 2H), 3.92 (d, J = 5.9 Hz, 2H), 1.53 (m, 4H), 1.38 (m, 4H), 
1.01–0.90 (m, 6H) ppm. 13C NMR (100 MHz, THF-d8) δ = 191.3, 160.4, 
152.8, 152.7, 148.7, 146.2, 141.3, 141.0, 139.9, 138.1, 137.6, 136.6, 
132.8, 131.7, 131.1, 130.1, 130.0, 129.11, 129.08, 128.8, 128.5, 
127.60, 127.55, 127.0, 126.4, 125.7, 122.6, 115.8, 71.3, 40.7, 31.7, 
30.2, 25.0, 24.2, 14.6, 11.7 ppm. Note: not all carbon signals are visible in 
the 13C-NMR spectrum due to fortuitous overlaps of aromatic peaks. MS 
(ESI) m/z: [M + H]+ calcd for C49H43N2O2S2 755.3; found: 755.3.

2.2.6. 4-(5-(8-(5-(2,4-Bis(Hexyloxy)phenyl)tiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)tiophen-2-yl)benzaldehyde (10b)

Prepared following general procedure GP1, using 4-(5-(2,3- 
Diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl)benzalde-
hyde (8) (50 mg, 0.091 mmol, 1.0 eq.), 1-bromo-2,4-bis(hexyloxy)ben-
zene (9b, 97 mg, 0.273 mmol, 3.0 eq.), Cs2CO3 (89 mg, 0.273 mmol, 3.0 
eq.), Pd(OAc)2 (2 mg, 0.009 mmol, 10 mol%), P(2-MeOPh)3 (6 mg, 
0.018 mmol, 20 mol%) and pivalic acid (3 mg, 0.027 mmol, 30 mol%). 
The crude product was purified by flash column chromatography (SiO2, 
gradient from petroleum ether/DCM 9:1 v/v to petroleum ether/DCM 
3:2 v/v) to afford compound 10b as a red solid (70 mg, 0.085 mmol, 93 
% yield). 1H NMR (400 MHz, CD2Cl2) δ = 9.96 (s, 1H), 8.11–8.05 (m, 
2H), 7.89–7.84 (m, 3H), 7.82–7.72 (m, 7H), 7.59 (d, J = 8.3 Hz, 1H), 
7.57–7.48 (m, 2H), 7.46–7.35 (m, 6H), 6.57–6.52 (m, 2H), 4.07 (t, J =
6.6 Hz, 2H), 4.00 (t, J = 6.6 Hz, 2H), 1.81 (m, 4H), 1.55–1.45 (m, 4H), 
1.41–1.35 (m, 4H), 1.33–1.29 (m, 4H), 0.94 (t, J = 7.0 Hz, 3H), 0.86 (m, 
t, J = 7.0 Hz, 3H) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 191.2, 160.0, 
156.5, 151.6, 151.5, 144.7, 143.3, 140.2, 140.1, 138.7, 137.2, 137.0, 
136.7, 135.0, 132.1, 130.5, 130.4, 130.2, 129.7, 129.1, 128.9, 128.8, 
128.1, 127.4, 127.1, 126.5, 126.4, 125.4, 124.6, 124.4, 116.2, 105.7, 
99.9, 68.8, 68.2, 31.6, 31.5, 29.3, 29.0, 25.8, 25.7, 22.6, 22.5, 13.80, 
13.77 ppm. MS (ESI) m/z: [M + H]+ calcd for C53H51N2O3S2 827.3; 
found: 827.4.

2.2.7. 4-(5-(8-(5-(3,5-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)thiophen-2-yl)benzaldehyde (10c)

Prepared following general procedure GP1, using 4-(5-(2,3- 
diphenyl-8-(thiophen-2-yl)quinoxalin-5-yl)thiophen-2-yl)benzaldehyde 
(8) (40 mg, 0.073 mmol, 1.0 eq), 1-bromo-3,5-bis(hexyloxy)benzene 
(9c, 78 mg, 0.219 mmol, 3.0 eq), Cs2CO3 (71 mg, 0.219 mmol, 3.0 
eq), Pd(OAc)2 (2 mg, 0.008 mmol, 10 mol%), P(2-MeOPh)3 (5 mg, 
0.015 mmol, 20 mol%) and pivalic acid (2 mg, 0.022 mmol, 30 mol%). 
The crude product was purified by flash column chromatography (SiO2, 
gradient from petroleum ether/DCM 9:1 v/v to petroleum ether/DCM 
3:2 v/v) to afford compound 10c as a red solid (56 mg, 0.068 mmol, 93 
% yield). 1H NMR (400 MHz, CDCl3) δ = 9.99 (s, 1H), 8.07 (br s, 2H), 
7.88 (d, J = 8.1 Hz, 2H), 7.83–7.73 (m, 8H), 7.49–7.32 (m, 8H), 6.85- 
6.81 (m, 2H), 6.43 (s, 1H), 4.00 (t, J = 6.5 Hz, 4H), 1.88–1.76 (m, 
4H), 1.56–1.45 (m, 4H), 1.43–1.32 (m, 8H), 0.94 (t, J = 6.7 Hz, 6H) 
ppm. 13C NMR (100 MHz, CDCl3) δ = 191.6, 160.8, 151.79, 151.77, 
147.7, 145.1, 140.6, 140.3, 138.7, 137.8, 137.2, 136.4, 135.1, 131.7, 
130.8, 130.7, 130.6, 130.4, 129.4, 129.2, 128.4, 128.3, 127.6, 126.7, 
126.3, 125.7, 124.9, 123.2, 104.5, 101.0, 68.3, 31.8, 29.5, 26.0, 22.8, 
14.2 ppm. Note: not all carbon signals are visible in the 13C-NMR spectrum 
due to fortuitous overlaps of aromatic peaks. MS (ESI) m/z: [M + H]+ calcd 
for C53H51N2O3S2 827.3; found: 827.4.

2.2.8. General procedure for the synthesis of compounds 1a-c (GP2)
The appropriate aldehyde 10a-c was added to a Schlenk tube, put 

under inert atmosphere by performing three vacuum-nitrogen cycles 
and dissolved in a mixture of CHCl3/CH3CN 3:2 v/v (10 mL). Cyano-
acetic acid (11, 10 eq.) and piperidine (0.3 eq.) were then added and the 
reaction mixture was stirred at 90 ◦C for 16 h. After cooling down to 
room temperature, water (5 mL) was added and the mixture was 
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extracted with DCM (3 × 10 mL). The combined organic phases were 
dried over anhydrous Na2SO4, filtered, and the solvent evaporated 
under reduced pressure. The crude mixture was washed several times 
with cold ethanol to give the corresponding compounds 1a-c.

2.2.9. 3-(4-(5-(8-(5-(4-((2-Ethylhexyl)oxy)phenyl)thiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (1a)

Prepared following general procedure GP2, using 4-(5-(8-(5-(4-((2- 
ethylhexyloxy)phenyl)tiophen-2-yl)-2,3-diphenylquinoxaline-5-yl)tio-
phen-2-yl)benzaldehyde (10a, 55 mg, 0.073 mmol, 1.0 eq.), cyanoacetic 
acid (60 mg, 0.715 mmol, 10 eq.) and piperidine (2 mg, 0.022 mmol, 0.3 
eq.). The crude mixture was washed several times with cold ethanol to 
afford compound 1a as a red solid (49 mg, 0.060 mmol, 82 % yield). 1H 
NMR (400 MHz, THF-d8) δ = 8.27–8.19 (m, 3H), 8.09 (d, J = 8.4 Hz, 
2H), 7.95 (d, J = 4.0 Hz, 1H), 7.92 (d, J = 3.9 Hz, 1H), 7.85 (d, J = 8.4 
Hz, 2H), 7.84–7.76 (m, 5H), 7.67–7.56 (m, 3H), 7.47–7.36 (m, 7H), 7.31 
(d, J = 3.9 Hz, 1H), 6.96 (d, J = 8.7 Hz, 2H), 3.95–3.90 (m, 2H), 
1.63–1.44 (m, 4H), 1.43–1.32 (m, 4H), 1.01–0.90 (m, 6H) ppm. 13C 
NMR (100 MHz, THF-d8) δ = 164.1, 160.4, 153.9, 152.8, 152.7, 148.7, 
146.2, 141.1, 140.2, 139.9, 138.1, 137.7, 132.8, 131.7, 131.2, 130.1, 
130.0, 129.2, 129.1, 128.8, 128.6, 128.5, 127.6, 127.3, 127.0, 126.5, 
125.9, 122.6, 121.8, 116.7, 115.9, 112.8, 103.6, 71.3, 40.7, 31.7, 30.8, 
30.2, 24.1, 14.6, 11.7 ppm. not all carbon signals are visible in the 13C- 
NMR spectrum due to fortuitous overlaps of aromatic peaks. HRMS (ESI) m/ 
z: [M+H]+ calcd for C52H44N3O3S2 822.2819; found 822.2821.

2.2.10. 3-(4-(5-(8-(5-(2,4-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (1b)

Prepared following general procedure GP2, using 4-(5-(8-(5-(2,4-bis 
(hexyloxy)phenyl)tiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)tiophen- 
2-yl)benzaldehyde (10b, 70 mg, 0.085 mmol, 1.0 eq.), cyanoacetic acid 
(72 mg, 0.846 mmol, 10 eq.) and piperidine (2 mg, 0.025 mmol, 0.3 eq.). 
The crude mixture was washed several times with cold ethanol to afford 
compound 1b as a red solid (62 mg, 0.069 mmol, 82 % yield). 1H NMR 
(400 MHz, THF-d8) δ = 8.32–8.20 (m, 3H), 8.11 (d, J = 8.2 Hz, 2H), 
8.00–7.96 (m, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.84–7.77 (m, 4H), 
7.67–7.61 (m, 2H), 7.53 (d, J = 4.0 Hz, 1H), 7.45–7.36 (m, 7H), 6.62 (d, 
J = 2.5 Hz, 1H), 6.56 (dd, J = 8.5, 2.4 Hz, 1H), 4.09 (t, J = 6.5 Hz, 2H), 
4.01 (t, J = 6.4 Hz, 2H), 1.83–1.76 (m, 4H), 1.55–1.46 (m, 4H), 
1.42–1.35 (m, 4H), 1.33–1.26 (m, 4H), 0.97–0.91 (m, 3H), 0.88–0.82 
(m, 3H) ppm. 13C NMR (100 MHz, THF-d8) δ = 164.1, 161.2, 157.7, 
153.9, 152.76, 152.75, 146.1, 144.8, 141.3, 140.3, 140.1, 140.0, 138.4, 
138.2, 137.7, 133.5, 132.8, 131.8, 131.7, 130.9, 130.1, 129.9, 129.7, 
129.14, 129.08, 128.5, 128.3, 127.8, 127.3, 126.5, 125.9, 125.2, 117.6, 
116.7, 111.7, 106.8, 103.6, 101.1, 69.7, 68.8, 32.8, 32.7, 30.5, 30.2, 
27.0, 26.9, 23.7, 23.6, 14.6, 14.6 ppm. HRMS (ESI) m/z: [M+H]+ calcd 
for C56H52N3O4S2 894.3394; found 894.3391.

2.2.11. 3-(4-(5-(8-(5-(3,5-Bis(hexyloxy)phenyl)thiophen-2-yl)-2,3- 
diphenylquinoxalin-5-yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (1c)

Prepared following general procedure GP2, using 4-(5-(8-(5-(3,5-bis 
(hexyloxy)phenyl)thiophen-2-yl)-2,3-diphenylquinoxalin-5-yl)thio-
phen-2-yl)benzaldehyde (10c, 56 mg, 0.068 mmol, 1.0 eq.), cyanoacetic 
acid (58 mg, 0.677 mmol, 10 eq.) and piperidine (2 mg, 0.020 mmol, 0.3 
eq.). The crude mixture was washed several times with cold ethanol to 
afford compound 1c as a red solid (54 mg, 0.060 mmol, 89 % yield). 1H 
NMR (400 MHz, THF-d8) δ = 8.28 (s, 2H), 8.23 (s, 1H), 8.10 (d, J = 8.5 
Hz, 2H), 7.99 (d, J = 4.0 Hz, 1H), 7.95 (d, J = 4.0 Hz, 1H), 7.87 (d, J =
8.4 Hz, 2H), 7.86–7.79 (m, 5H), 7.64 (d, J = 4.0 Hz, 1H), 7.48–7.37 (m, 
7H), 6.87 (d, J = 2.1 Hz, 2H), 6.42 (t, J = 2.1 Hz, 1H), 4.02 (t, J = 6.4 Hz, 
4H), 1.84–1.79 (m, 4H), 1.59–1.50 (m, 4H), 1.41 (m, 8H), 0.99–0.92 (m, 
6H) ppm. 13C NMR (100 MHz, THF-d8) δ = 164.1, 161.9, 153.9, 152.9, 
152.8, 148.8, 146.3, 141.0, 140.2, 139.9, 139.8, 138.4, 138.1, 138.0, 
137.3, 132.8, 132.5, 131.8, 131.7, 131.4, 130.2, 130.0, 129.2, 129.1, 
128.7, 128.4, 127.6, 127.1, 126.5, 125.9, 123.8, 116.7, 104.8, 103.5, 
101.7, 96.2, 68.8, 32.8, 30.5, 27.0, 24.0, 14.6 ppm. HRMS (ESI) m/z: 

[M+H]+ calcd for C56H52N3O4S2 894.3394; found 894.3398.

2.2.12. [Ru(bda)(DMSO)2] (12)
2,2′-bipyridine-6,6′-dicarboxylic acid (bda, 350 mg, 0.722 mmol, 1.0 

eq.) and [Ru(DMSO)4Cl2] (176 mg, 0.722 mmol, 1.0 eq.) were added to 
a Schlenk tube and put under inert atmosphere by performing three 
vacuum-nitrogen cycles. The solids were then suspended in dry meth-
anol (15 mL) and the solution degassed by bubbling N2 for 15 min. Et3N 
(439 mg, 4.33 mmol, 6.0 eq.) was then added, and the mixture was 
heated up and stirred under reflux for 4 h. After cooling to room tem-
perature, the reaction mixture was centrifuged (4000 rpm, 10 min, rt). 
The resulting precipitate was then washed with cold methanol to afford 
the desired product as a dark brown solid (251 mg, 0.502 mmol, 70 % 
yield). 1H NMR (400 MHz, DMSO‑d6) δ = 8.64 (d, J = 8.0 Hz, 2H), 8.14 
(t, J = 7.9 Hz, 2H), 8.02 (d, J = 7.8 Hz, 2H), 2.52 (s, 6H) ppm. Spec-
troscopic data are in agreement with those reported in the literature 
[27].

2.2.13. [Ru(bda)(PyP)2]
[Ru(bda)(DMSO)2] (117 mg, 0.234 mmol, 1.0 eq.) was added to a 

Schlenk tube, put under inert atmosphere by performing three vacuum- 
nitrogen cycles, and suspended in dry methanol (10 mL). The mixture 
was degassed by bubbling N2 for 15 min and heated at 60 ◦C. Then a 
solution of (pyridin-4-ylmethyl)phosphonic acid (15, 89 mg, 0.515 
mmol, 2.2 eq.) in a 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/methanol 
1:4 (5 mL) mixture, previously prepared in another Schlenk tube under 
inert atmosphere and pre-heated at 60 ◦C, was added via a gas-tight 
syringe. The reaction mixture was vigorously stirred at 80 ◦C for 16 h. 
After cooling to room temperature, the volume of the solvent was 
reduced to ca. 8 mL. The mixture was centrifuged (4000 rpm, 10 min, 
rt). The resulting solid was washed with DCM and methanol, to afford 
the desired product as dark brown solid (110 mg, 0.200 mmol, 68 % 
yield). Note: due to partial oxidation under air, with consequent formation of 
less soluble paramagnetic species, NMR spectra of the catalyst were recorded 
in the presence of a small amount of hydroquinone as a reducing agent. 1H 
NMR (400 MHz, CD3OD + Hydroquinone) δ 8.55 (dd, J = 8.0, 1.1 Hz, 
2H), 8.01 (d, J = 7.7 Hz, 2H), 7.87 (t, J = 7.9 Hz, 2H), 7.71 (d, J = 6.0 
Hz, 4H), 7.14 (dd, J = 6.6, 2.3 Hz, 4H), 3.04 (d, J = 22.5 Hz, 4H) ppm. 
31P NMR (162 MHz, CD3OD + Hydroquinone) δ = 17.50 ppm. MS (ESI) 
m/z: [M]+ calcd for C24H22N4O10P2Ru 690.0; found: 689.8.

2.3. Spectroscopic characterization

UV–Vis spectra in different solvents were measured on diluted so-
lutions of the compounds (approx. 10− 5 M) either with a Shimadzu UV- 
2600 or a PerkinElmer Lambda 950 UV–vis–NIR spectrometer. UV–Vis 
absorption spectra of the same compounds adsorbed on TiO2 were 
recorded with a Shimadzu UV-2600 spectrometer in transmission mode 
after the sensitization of thin, transparent semiconductor films (thick-
ness approx. 5 μm, for details on their preparation see below, section 2.5). 
Steady state fluorescence emission and excitation spectra of the dyes at 
room temperature were obtained either with a Jasco FP-8300 or a 
Hamamatsu Edinburgh FLS920 spectrofluorometer. Excitation and 
emission spectra of the compounds in a frozen MeOH/DCM 1:1 matrix at 
77 K were obtained with the same Edinburgh FLS920 spectrofluorom-
eter, using quartz tubes dipped in liquid nitrogen in a quartz Dewar as 
sample containers.

Time-correlated single photon counting (TCSPC) experiments for the 
determination of the excited state lifetimes were carried out with an IBH 
time-correlated single-photon counting apparatus with nanoLED exci-
tation source at 375 nm.

Pump-probe transient absorption measurements on the dyes and 
catalyst adsorbed on TiO2 films were performed with an Ultrafast Sys-
tems HELIOS (HE-VIS-NIR) femtosecond transient absorption spec-
trometer by using, as excitation source, a Newport Spectra Physics 
Solstice-F-1K-230 V laser system, combined with a TOPAS Prime (TPR- 
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TOPAS-F) optical parametric amplifier (pulse width: 100 fs, 1 kHz 
repetition rate) tuned at 500 nm. The pump energy on the sample was 3 
μJ/pulse. Probe beams with a generated continuum both in the visible 
range (450–800 nm) and in the NIR range (800–1600 nm) have been 
employed and the spectra have been merged in the analysis. The overall 
time resolution of the system is 300 fs. Surface Xplorer V4 software from 
Ultrafast Systems was used for data acquisition and analysis. The 3D data 
surfaces were corrected for the chirp of the probe pulse prior to analysis. 
The estimated error on transient absorbance lifetimes is 10 %.

2.4. Electrochemical and spectroelectrochemical characterization

Cyclic voltammetries (CV) of the dyes in DCM solution were recor-
ded with an Agilent B2901 precision SMU using a glassy carbon electrode 
as the working electrode, a platinum wire as the counter electrode, and 
an Ag/AgNO3 (0.01 M in CH3CN) pseudo-reference electrode. 0.1 M 
TBAPF6 was used as the supporting electrolyte, with a scan speed of 100 
mV s− 1. Curves were recorded first in the absence and then in the 
presence of ferrocene (Fc), used as an internal standard. The Eox of the 
compounds were referenced to that of the Fc+/0 couple, and the latter 
was used to set the potential scale assuming its redox potential to be 
equal to 0.72 V vs. NHE in DCM, according to the literature [71].

CVs of the FTO/TiO2/dye + Ru(bda)(PyP)2 electrodes (for details 
on their preparation see below, section 2.5), employed as working elec-
trodes, were recorded with a Metrohm Autolab PGSTAT 302N + FRA32M 
electrochemical workstation, using a Saturated Calomel Electrode (SCE) 
as the reference electrode and a platinum wire as the counter electrode, 
and the data were recorded and elaborated by Nova 1.6 software. 
Measurements were performed in a 0.1 M phosphate buffer solution (pH 
= 6.6), between − 0.05 V and +1.4 V vs. SCE at scan rate of 50 mV s− 1 (3 
cycles). Prior to each measurement, electrolytic solutions were degassed 
with argon for 10 min.

The in situ UV–vis–NIR spectroelectrochemical measurements were 
carried out with a Metrohm Autolab PGSTAT204 potentiostat/galvano-
stat and a PerkinElmer Lambda 950 spectrophotometer in a thin layer 
quartz glass spectroelectrochemical cell (ALS, model SEC-C). A platinum 
gauze was used as the working electrode, a platinum wire was the 
counterelectrode while the reference electrode was made by Ag/Ag+ in 
AgNO3 0.01 M in acetonitrile (ALS, model RE-7). Tetrabutylammonium 
hexafluophosphate (TBAPF6) 0.1 M in dichloromethane was used as the 
electrolyte. All the solutions were deaerated for 15 min in argon and the 
cuvette was sealed for maintaining the argon atmosphere during the 
experiments. The spectroelectrochemical tests were carried out at room 
temperature.

2.5. Photolectrode preparation and staining procedure

10 × 10 cm FTO-coated conducting glass sheets (TEC 8 Ω sq− 1, 
GreatCell solar) were cleaned in an ultrasonic bath by the following 
procedure: (a) immersion in soapy water (15′), followed by rinsing with 
demineralized water (3 × ); (b) immersion in demineralized water (15′), 
followed by rinsing with acetone (3 × ); (c) immersion in acetone (15’). 
The sheets were then immersed for 10 s in boiling iso-propanol, followed 
by drying.

The mesoporous TiO2 layer was deposited on the FTO glass by 
printing a single layer of a commercially available nanocrystalline TiO2 
paste (DyeSol TiO2 Paste DSL 18NR-T, mechanically stirred for 20′ prior 
to use) in 1.0 × 1.0 cm2 spots, using an Aurel C920 semi-automatic 
screen printer. The plates were left to sit in an EtOH-fumes-filled 
chamber for 30” before drying at 120 ◦C for 30 min, then sintered ac-
cording to the following programmed ramp: 15′ at 350 ◦C, 30’ at 375 ◦C, 
1 h at 450 ◦C, and 1 h at 500 ◦C. The active area of the resulting mes-
oporous semi-transparent TiO2 films was 1.0 cm2 and the plates were cut 
into 2.5 × 2.5 cm2 slides.

For the preparation of the co-adsorption staining solutions, dyes 1a-c 
were first dissolved in the appropriate volume of anhydrous and 

degassed THF, then the same volume of anhydrous and degassed MeOH 
was added to obtain 4 × 10− 4 M solutions of the dyes in a THF/MeOH 
1:1 (v/v) mixture. In another container, Ru(bda)(PyP)2 was dissolved 
in a small amount of HFIP, and then anhydrous and degassed MeOH was 
added to obtain a 2 × 10− 4 M solution of the catalyst in a MeOH/HFIP 
9:1 (v/v) mixture. Finally, the dye and catalyst individual solutions were 
mixed in a 1:1 ratio to obtain the desired co-adsorption staining solution, 
with concentrations of 2 × 10− 4 M (dye) and 1 × 10− 4 M (catalyst) in a 
MeOH/THF/HFIP 70:25:5 (v/v) mixture. The staining solutions for the 
sequential procedure were instead obtained by simply diluting to double 
volume the above-mentioned individual dye (1b) and catalyst solutions, 
obtaining the same final concentrations of 2 × 10− 4 M (dye) and 1 ×
10− 4 M (catalyst).

The slides with the printed TiO2 films were heated on a hot plate at 
80 ◦C for at least 1 h. For the co-adsorption procedure, while still warm, 
they were then immersed in the appropriate combined 1a-c + Ru(bda) 
(PyP)2 solution for 4 h, after which the electrodes were rinsed with 
ethanol and dried under airflow. For the sequential adsorption proced-
ure, they were instead immersed first, when still warm, in the Ru(bda) 
(PyP)2 solution for 4 h, followed by rinsing with ethanol and immersion 
in the 1b solution for another 4h; finally, also in this case they were 
rinsed with ethanol and dried under airflow.

2.6. Photoelectrochemical measurements

The photoelectrochemical tests were conducted in a three-electrode 
cell setup with a Metrohm Autolab PGSTAT 302 N + FRA32 M electro-
chemical workstation, using the dye-sensitized and catalyst- 
functionalized electrodes as working electrodes, an Ag/AgCl/KCl (3 
M) reference electrode and a platinum wire as the counter electrode, and 
the data were recorded and elaborated by Nova 1.6 software. The 
electrolyte was constituted by a 0.1 M Na2SO4 (Sigma Aldrich, ≥99.9 %) 
solution in demineralized water (pH = 6.5), which was degassed for 10’ 
with Ar prior to each measurement. The working electrode was illumi-
nated with simulated solar radiation (100 mW cm− 2 AM 1.5) obtained 
using a LOT-ORIEL Solar Simulator, calibrated with a reference silicon 
solar cell. A mask was placed on the working electrode so that the 
illuminated area was 0.5 cm2. Linear sweep voltammetry (LSV) mea-
surements were conducted under chopped illumination, scanning po-
tentials from − 0.5 to +1.3 V vs. Ag/AgCl (in the oxidation direction), 
with a scan rate of 50 mV s− 1. Potentials were then referenced to NHE 
according to the following equation: ENHE = EAg/AgCl + 0.2 V. Chro-
noamperometry (CA) measurements were conducted for 100 s under the 
same illumination conditions, measuring the current produced by the 
cells at a fixed potential of +0.3 V vs. Ag/AgCl.

3. Results and discussion

3.1. Computational study of compounds 1a-c

Our work began by modeling the electronic and spectroscopic 
properties of compounds 1a-c (Fig. 2) by means of computational 
methods based on density functional theory (DFT) [72,73] and 
time-dependent DFT (TD-DFT) [74,75], using Gaussian 16, Revision 
C.01 suite of programs [76]. In the calculations, the alkyl groups on the 
donor sections of the molecules were replaced with methyl groups to 
reduce the computational cost. First of all, the structures of the com-
pounds in the singlet ground state (S0) were minimized in vacuum at the 
B3LYP/6-31G* level (Fig. S1, Supporting Information). Clearly, the 
structures of all compounds appear similar and sufficiently planar, with 
dihedral angles comprised between approx. 11.0◦ and 26.5◦, allowing to 
maintain a proper conjugation along the entire molecular scaffold.

Subsequently, B3LYP/6-31G* single-point calculations at ground- 
state optimized geometries were carried out to obtain the distribution 
and energy of the respective frontier molecular orbitals (FMOs), 
including the effects of the chosen solvent, dichloromethane (DCM), by 
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using the polarizable continuum model (PCM) (Fig. 3) [77]. Considering 
the FMOs isodensity plots, it can be noticed that for all three compounds 
the highest occupied molecular orbitals (HOMO) were mainly localized 
on the donor part of the molecules, with a sizeable contribution from the 
intermediate quinoxaline ring. Conversely, the lowest unoccupied mo-
lecular orbitals (LUMO) were located for the most part on the acceptor 
cyanoacrylic group, with a smaller contribution coming from the central 
bridging unit. In general, the computed spatial distribution of the or-
bitals indicated the existence of a good degree of intramolecular charge 
transfer (ICT) upon photoexcitation. Furthermore, the evident overlap 
between the orbitals suggested that the HOMO-LUMO transition could 
be accompanied by intense light absorption. In terms of computed 
orbital energies, the LUMOs of all three dyes had similar positions, 
reflecting the presence of the same acceptor/anchoring group. 
Compared to 1a, the HOMO of dye 1b was instead destabilized by 
approximately 0.1 eV, as a result of the presence of an additional elec-
trondonating alkoxy group in conjugated position with its unsaturated 
backbone. On the contrary, the HOMO of compound 1c, featuring two 
alkoxy group in meta-position, was stabilized by approximately the same 
extent. As a consequence, the smallest HOMO-LUMO energy difference 
was displayed by compound 1b, followed by 1a and 1c.

TD-DFT calculations were then employed to assess the spectroscopic 
properties of the compounds, once again in DCM solution. The funda-
mental properties investigated were the maximum absorption wave-
length (λabs

max), the vertical excitation energy (Eexc), the oscillator strength 
(f) and the percentage composition of the transition in terms of molec-
ular orbitals. They were calculated at the TD-CAM-B3LYP 
[78]/6-311+G(2d,p) and TD-MPW1K [79]/6-311+G(2d,p) levels of 
theory, including the solvent effect by means of PCM. The results are 
reported in Table 1.

As it can be noticed, all compounds present a main transition in the 
visible region, in the 486–526 nm (2.55–2.36 eV) range, depending on 
the functional used (for a comparison with experimental values, see 
below). The most red-shifted absorption was exhibited by compound 1b, 
owing to its stronger donor group with two alkoxy chains in 2- and 4-po-
sition, while the weaker electron-donating capacity of the bis-meta- 
substituted ring of 1c was evidenced by its slightly blue-shifted transi-
tions. In all cases, the oscillator strengths are high, suggesting a strong 
light absorption capability, and the corresponding bands are found to 
stem mostly from HOMO → LUMO transitions, confirming their ICT 
character.

Based on the above computational investigation, compounds 1a-c 
were anticipated to have the appropriate electronic and spectroscopic 

properties for employment in photoelectrochemical cells, and therefore 
their preparation was investigated.

3.2. Synthesis of compounds 1a-c

The synthetic route followed to obtain common intermediate 8 
needed for the preparation of dyes 1a-c is presented in Scheme 1. The 
starting material was the commercially available 4,7-dibromo-2,1,3- 
benzothiadiazole (2). By subjecting this compound to a Stille-Migita 
reaction with tri-n-butyl(2-thienyl)stannane (3) in the presence of Pd 
(PPh3)2Cl2 as the catalyst, bis-thiophen-2-yl derivative 4 could be ob-
tained in high yield. The benzothiadiazole ring of compound 4 was then 
converted to a quinoxaline system by means of a reduction with 
elemental zinc in acetic acid, followed by trapping of the resulting 
diamine with 1,2-diphenylethane-1,2-dione (benzil, 5) in ethanol, 
providing the desired compound 6 in 92 % yield. At this stage, insertion 
of the acceptor portion of the final sensitizers was achieved through a 
direct arylation reaction [80] of compound 6 with 4-bromobenzalde-
hyde 7, in the presence of a palladium complex as the catalyst. To 
maximize the yield of key intermediate 8, a short optimization of the 
reaction protocol was carried out, varying the nature of the phosphine 
ligand and the base (see Table S1). The best conditions turned out to be 
the following: Pd(OAc)2 (5 mol%), P(2-MeOPh)3 (10 mol%), Cs2CO3 
(3.0 eq.), pivalic acid (30 mol%) in toluene at 110 ◦C for 24 h. Under 
such conditions, the desired product could be obtained in 73 % yield on 
a small scale reaction (0.27 mmol of quinoxaline 6), which was essen-
tially maintained at 70 % when scaling up to 2.24 mmol of substrate, 
demonstrating the robustness of the protocol. Importantly, most of the 
unreacted compound 6 could be recovered after product purification by 
flash column chromatography, and the reaction time could be also 
decreased to 1.5 h, albeit at the cost of a slightly reduced yield (67 %).

The synthesis of sensitizers 1a-c from aldehyde 8 was then 

Fig. 3. Energies and electron density spatial distributions of the FMOs of dyes 1a-c in DCM solution.

Table 1 
TD-DFT absorption maxima (λabs

max in nm), excitation energies (Eexc in eV), 
oscillator strengths (f) and contributions (%) to the S0→ S1 transition in DCM of 
compounds 1a-c.

Dye TD-CAM-B3LYP MPW1K

λabs
max

Eexc f Comp. (%) λabs
max

Eexc f Comp. (%)

1a 493 2.52 1.80 69 (H → L) 519 2.39 1.79 80 (H → L)
1b 498 2.49 1.80 66 (H → L) 526 2.36 1.78 78 (H → L)
1c 486 2.55 1.77 75 (H → L) 509 2.43 1.78 83 (H → L)
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completed through a two-step sequence featuring a second direct ary-
lation step, this time to install the appropriate donor groups, followed by 
a typical Knoevenagel condensation to insert the cyanoacrylic anchoring 
group (Scheme 2). Obviously, in order to obtain the three final products, 
intermediate 8 had to be reacted with each of the three arylbromides 9a- 
c, bearing a different number of alkoxy-substituents (one or two) ar-
ranged in different substitution patterns. The reactions proceeded under 
similar conditions to those employed for the coupling between com-
pounds 6 and 7, allowing to isolate advanced intermediates 10a-c in 
80–93 % yield, where the lower yield of aldehyde 10a was mostly due to 
its lower solubility, and thus more difficult handling, compared to 10b, 
c. Finally, the desired dyes 1a-c were obtained in good yields (82–89 %) 
by condensation of aldehydes 10a-c with cyanoacetic acid in the pres-
ence of a catalytic amount of piperidine; it should be noted that the final 
compounds could not be purified using flash column chromatography, 
due to the interaction of the anchoring group with the silica stationary 
phase, and therefore were isolated by means of recrystallization from 
ethanol.

3.3. Spectroscopic and electrochemical characterization of dyes 1a-c

The absorption and fluorescence emission spectra of compounds 1a- 

c were recorded at room temperature in DCM (Fig. 4, top) and tetra-
hydrofuran (THF, Fig. 4, bottom) solution, and their main features are 
listed in Table 2. As expected from the structural design of the dyes, they 
all exhibited intense light absorption in the visible region, with maxima 
(λabs

max) comprised approximately in the 490–505 nm range and molar 
attenuation coefficients (ε) around 2-3 × 104 M− 1 cm− 1, typical values 
for organic donor-acceptor dyes. By comparison of the experimental 
values with those stemming from the TD-DFT calculations (see above), 
the absorption bands were assigned to transitions involving the frontier 
molecular orbitals. It can also be seen that a very good agreement with 
the experimental data was obtained when using the CAM-B3LYP func-
tional for calculations (Table 1), with differences between the compu-
tational and experimental Eexc values lower than 0.1 eV in all cases. In 
addition, all dyes presented additional absorption bands of slightly 
higher intensity in the UV region around 330–345 nm, which were 
assigned to localized π-π* transitions.

The dyes exhibited a notable fluorescence emission in solution, with 
maxima in the 610–646 nm range and quantum yields (FQY) comprised 
between 0.31 and 0.54 in THF (see Table S2). The results obtained in the 
two solvents were very similar for all dyes: nevertheless, while the ab-
sorption maxima did not change much in passing from DCM to THF, a 
significant red-shift (7–18 nm) was observed for the emission profiles of 

Scheme 1. Synthesis of key common intermediate 8.

Scheme 2. Final steps of the synthetic route and preparation of sensitizers 1a-c.
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the dyes in the more polar dichloromethane. Furthermore, excitation 
spectra were also measured for all dyes in THF solution (Fig. 4, bottom). 
The corresponding excitation profiles, monitored at the maximum 
emission wavelength, followed those of the corresponding absorption 
spectra, indicating that, regardless the excitation energy, emission al-
ways occurred from the lowest singlet excited state (S1), according to 
Kasha’s rule. From the intersection of the normalized absorption and 
emission spectra, the corresponding energies of the S0→S1 zero-zero 
transition (E0-0) could be determined, yielding values in the 
2.14–2.23 eV range. It can be noted that the largest value of Stokes’ shift 
(approx. 0.5–0.6 eV, 4100-4900 cm− 1) and smaller E0-0 were shown by 
compound 1b, probably owing to its stronger donor group compared to 
the other two compounds, and therefore to its more pronounced donor- 
acceptor character.

Subsequently, to gain further insight into the electronic structures of 
the dyes and the properties of their excited states, additional fluores-
cence studies, both under stationary and time-dependent conditions, 
were carried out in THF solution and in a DCM:MeOH 1:1 frozen matrix 
at 77K. The results of these supplementary experiments are described in 

detail in the Supporting Information. In short, all dyes showed similar 
fluorescence lifetimes and radiative constants, with differences in FQY 
arising only from the different rates of non-radiative deactivation pro-
cesses. In addition, emission spectra recorded in glassy solvent at 77 K 
were slightly blue-shifted with respect to those observed in solution at 
room temperature, as expected for a CT excited state. The optical band 
gaps estimated from the emission maxima at 77 K were almost coinci-
dent for all three dyes 1a-c and in the order of 2.1 eV, confirming the 
similar nature of their excited states.

The characterization of the dyes in solution continued by measuring 
their ground-state oxidation potentials (Eox) by means of cyclic vol-
tammetry (CV) experiments, using 0.1 M TBAPF6 in DCM as the sup-
porting electrolyte and the ferrocenium/ferrocene redox couple as an 
internal standard (Fig. 5).

Compounds 1a-c exhibited quasi-reversible first oxidation waves, 
which were followed by a second oxidation at more positive potentials. 
After conversion according to literature reports [71], their Eox values 
resulted +1.19 V (1a), +1.08 V (1b) and +1.33 V (1c) vs. NHE, 
respectively (Table 2). As it could be expected, the trend observed in the 

Fig. 4. UV–Vis absorption, emission and excitation spectra of dyes 1a-c in DCM (top) and THF (bottom) solution at room temperature.

Table 2 
Main spectroscopic and electrochemical properties of dyes 1a-c in DCM and THF solution.

Dye Solvent λabs
max (nm) ε × 104 (M− 1 cm− 1) λemi

max (nm) E0-0 (eV)a Eox (V) vs. Fc+/Fc Eox (V) vs. NHEb E*ox (V) vs. NHEc

1a DCM 492 2.39 647 2.17 +0.47 +1.19 − 0.98
334 3.14

THF 498 3.36 632 2.18 – – –
334 4.05

1b DCM 503 2.27 664 2.14 +0.36 +1.08 − 1.06
337 3.11

THF 499 1.93 646 2.15 – – –
347 3.42

1c DCM 490 2.72 617 2.22 +0.61 +1.33 − 0.89
330 3.07

THF 488 2.62 610 2.23 – – –
347 4.77

a Estimated based on the intersection of the normalized absorption and emission spectra.
b Calculated by adding +0.72 V to the potential vs. Fc+/Fc [71].
c Calculated from the Eox and E0-0 values according to the formula: E*ox = Eox – (E0-0/e).
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Eox values of the dyes thus followed the order of relative strength of their 
donor groups, with 1c > 1a > 1b. Accordingly, the electrochemical 
analysis showed that in the case of dye 1b the Eox value measured in 
solution was very close to the reported onset of catalysis of a typical 
RuII(bda)-based complex (Eonset, approx. +1.1 V vs. NHE) [81,82], sug-
gesting that a relatively small thermodynamic driving force for hole 
transfer to the catalyst could exist for such dye. The excited state 
oxidation potentials (E*ox) of the dyes were then assessed by subtracting 
the previously determined E0-0 values from the Eox resulting from cyclic 
voltammetry, yielding values of − 0.98, − 1.06 and − 0.89 V vs. NHE for 
1a, 1b and 1c, respectively. These values were more negative than the 
potential of the conduction band of TiO2 (estimated at − 0.57 V vs. NHE 
at pH = 7), thus suggesting that smooth electron injection into the 
semiconductor could take place following dye photoexcitation [83]. 
Therefore, the dyes generally appeared to have appropriate spectro-
scopic and electrochemical properties to be employed in DS-PEC for 
water splitting in combination with Ru-based WOCs.

To gather further information on the spectroscopic behavior of the 
oxidized dyes, a spectroelectrochemical study was finally conducted in 
DCM solution. The absorption spectra in the UV–vis–NIR region (be-
tween 200 and 1600 nm) were recorded under potentiostatic conditions 
at three different potentials, i.e., one below the first oxidation potential 
(Eox), representative of the absorption of the neutral species, a second 
between the first and the second oxidation (Eox2), relevant to the mono- 
cationic species, and a third at a potential higher than the second 
oxidation (di-cation). The results are reported in Fig. 6 while the dif-
ferential spectra are reported in Fig. S6.

The absorption spectra observed at the potential below Eox (blue 
curves) are almost coincident with those recorded at open circuit for all 
dyes 1a-c. The spectra of the cationic species of dyes 1a and 1b at Eox <

E < Eox2 (green curves) and E > Eox2 (red curves) display similar fea-
tures: (i) the two main absorption bands in the visible region are clearly 
red-shifted, and (ii) a strong new low-energy absorption band arises, 
peaking at about 1000 nm (see also Table S4). In the case of 1c the red 
shift of the absorption band in the visible region for the cationic species 
can still be observed, but the absorption band in the NIR is of lower 
intensity compared to 1a and 1b.

3.3.1. Synthesis of Ru(bda)(PyP)2 complex
After having prepared and characterized dyes 1a-c, we turned our 

attention to the synthesis of the required Ru-based catalyst for water 
oxidation. We selected previously described compound Ru(bda)(PyP)2 
[44], due to the presence on its structure of two phosphonate anchoring 
groups for stable attachment to TiO2, and the reported possibility to 
easily prepare it from commercially available starting materials. 
Initially, we attempted the synthesis of Ru(bda)(PyP)2 by adapting the 
general procedure described in the literature to access this class of 
compounds (Scheme S1) [44,81,84]. Accordingly, precursor 
RuCl2(DMSO)4 (11) was reacted with the tetradentate ligand 2, 
2′-bipyridine-6,6′-dicarboxylic acid (bda) and NEt3 to obtain the inter-
mediate complex Ru(bda)(DMSO)2 (12), which was not isolated but 
rather treated in situ with diethyl pyridin-4-ylmethylphosphonate (13, 
Scheme S1) to provide di-phosphonic ester complex 14 in good yield 
(Scheme S1). Unfortunately, at this stage multiple attempts to obtain the 
final product after conversion of the phosphonic ester moieties to the 
free acids were unsuccessful. Indeed, when using either (CH3)3SiBr or 
(CH3)3SiI as the deprotecting reagent, a complex mixture of products 
was obtained, from which we were not able to isolate Ru(bda)(PyP)2 in 
pure form, also due to its limited solubility in typical organic solvents.

For this reason, the procedure was modified to avoid the last 
deprotection step (Scheme 3). To this end, complex Ru(bda)(DMSO)2 
(12) was once again prepared from RuCl2(DMSO)4 (11) under similar 
conditions as the previous synthesis, but this time the product was iso-
lated by centrifugation and washing with cold methanol. Then, Ru- 
complex 12 was directly reacted with free pyridin-4- 
ylmethylphosphonic acid (15) dissolved in a 4:1 MeOH/HFIP mixture 
(HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol). The use of HFIP proved 
essential to dissolve the otherwise rather insoluble acid 15, allowing a 
more efficient formation of the final product, which could then be iso-
lated in good yield by centrifugation and washing with DCM and 
methanol (Scheme 3). Also in the case of Ru(bda)(PyP)2, we found that 
use of HFIP greatly helped to properly dissolve the compound, facili-
tating its isolation and further manipulation (see below, section 3.6).

3.4. Spectroscopic characterization on TiO2 films

With compounds 1a-c and Ru(bda)(PyP)2 in hand, we next 

Fig. 5. Cyclic voltammetry plots of dyes 1a-c in DCM solution, both without and with ferrocene as an internal standard.

Fig. 6. Absorption spectra of the neutral and cationic species of dyes 1a-c in TBAPF6 0.1 M dichloromethane solution.
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examined their properties after adsorption on mesoporous TiO2 films 
deposited on conductive FTO substrates, similar to those later employed 
for the fabrication of the DS-PEC devices (approx. thickness 5 μm, sur-
face area 1 cm2, see Materials and Methods Section for details). Dye- 
sensitized films were obtained by immersing the electrodes for 4 h in 
2 × 10− 4 M solutions of the dyes in THF, and their UV–Vis absorption 
spectra are reported in Fig. 7.

Compared to the spectra in solution, only compound 1a presented a 
noticeable blue shift of the absorption maximum (482 vs. 498 nm), while 
the other two dyes displayed λabs

max values within 2 nm of those recorded 
in THF, albeit with a slightly broadened profile and red-shifted onset 
around 650 nm. The dye loading on TiO2 (in mol/cm2) was evaluated 
from the UV–Vis measurements using Meyer’s method [85], by applying 
the expression Γ = A(λ)/[103⋅ε(λ)], where A(λ) and ε(λ) represent the 
absorbance and molar absorptivity at wavelength λ of each dye. The 
values obtained were 4.1 × 10− 8 mol/cm2 for dye 1a, 9.3 × 10− 8 

mol/cm2 for 1b and 6.4 × 10− 8 mol/cm2 for 1c, respectively, which 
were of the same order of magnitude of those observed for other organic 
dyes in previous studies [46,51,55]. The spectrum of complex Ru(bda) 
(PyP)2 adsorbed on TiO2 under the same conditions (except for the 
solvent of the staining solution, which was a 1:9 v/v mixture of HFIP/-
methanol) resembled that recorded in solution (Fig. S7), with an onset 
just below 600 nm and a broad but relatively weak absorption encom-
passing the visible region in the 400–575 nm range (Fig. 7, bottom 

right). We also measured the absorption spectra of TiO2 films stained 
with a solution containing both 1a-c and Ru(bda)(PyP)2 in a 2:1 stoi-
chiometric ratio, analogous to that later used for the DS-PEC photoanode 
preparation (see below). In general, the spectra presented similar profiles 
to those of the dyes alone (Fig. 8), although in the case of 1a a red-shift 
of the maximum to 489 nm could be observed, perhaps due to reduction 
of dye aggregation on TiO2 surface as a consequence of co-adsorption. 
Unfortunately, we found it impossible to disentangle the absorption 
features of the dyes from those of the ruthenium catalyst in the recorded 
spectra, preventing an estimation of their relative loading on the semi-
conductor surface with the method described above.

At this stage, to gain a better understanding of the individual pro-
cesses taking place after light absorption, the dynamics of photoexcita-
tion and charge transfer of the dyes adsorbed on mesoporous TiO2 films 
were also studied by means of femtosecond TAS. The temporal evolution 
of the transient absorption spectra of the three samples is reported in 
Fig. 9 (left): the spectral characteristics are similar for the three dyes, 
with a broad band in the 600–800 nm region, an intense band at ca. 900 
nm and a broad absorption in the NIR between 1200 nm and 1600 nm.

The decay of the signal follows a complex multi-exponential law all 
over the vis-NIR spectral range (Fig. S8). Interestingly, the formation of 
a band at ca. 830 nm is clearly observable (Fig. 9, left, and Fig. S8): it 
appears with a kinetics in the order of few hundreds of ps, after a fast 
decay of the signal in the same region, and decays on longer time scales. 

Scheme 3. Synthesis of water oxidation catalyst Ru(bda)(PyP)2.

Fig. 7. UV–Vis absorption spectra of dyes 1a-c and catalyst Ru(bda)(PyP)2 adsorbed on mesoporous TiO2 films.
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In order to rationalize the data, a global fit analysis has been performed 
on the transient matrices, and the obtained spectral amplitudes are re-
ported in Fig. 9 (right). In all cases, a fast component of 1–2 ps is 
associated to a spectral distribution presenting a broad band in the 
600–800 nm region and an intense band peaking at ca. 920 nm. Other 
two main components are identified by the analysis, which markedly 
differ from the previous one by both spectral features and kinetics. Their 
spectra are very similar, characterized by a broad band at 600–800 nm, a 
peak at ca. 830 nm and a broad absorption in the 1200–1600 nm region, 
and their time constants are in the order of 100–200 ps and >5 ns 
(infinite lifetime with respect to the time window of the experiment).

We assign the first fast component to the radical cation of the 
molecule generated upon electron injection into TiO2, since the spec-
trum of this species resembles that of the oxidized form of the dye 
observed by means of spectroelectrochemical analysis (see Fig. 6). The 
injection of electrons into TiO2 from the dye singlet excited state is thus 
an ultrafast process that occurs within the time resolution of the in-
strument (300 fs). Similar ultrafast injection processes have been re-
ported for titania-supported DSSCs [86,87]. Conversely, the spectral 
distribution of the components with longer lifetimes can be attributed to 
the contribution of the dye cation and of both trapped and conduction 
electrons that forms upon injection, since the latter are reported to 
absorb at ca. 800 nm and above 1200 nm, respectively [88]. The growth 

Fig. 8. Normalized UV–Vis absorption spectra of dyes 1a-c and complex Ru 
(bda)(PyP)2 co-adsorbed on TiO2.

Fig. 9. Left: transient absorption spectra at different delays of dyes 1a-c adsorbed on mesoporous TiO2 films. Right: spectral distribution of pre-exponential amplitudes of 
calculated lifetimes from global fit analysis. λexc = 500 nm, E = 3 μJ/pulse. The spectral region below 510 nm has been omitted because of the strong noise due to the intense 
ground state absorption.
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of the band at 830 nm (Fig. S8) testifies the slower accumulation of the 
trapped electrons with respect to the fast injection event. Interestingly, 
as mentioned above, these spectra decay with two different time con-
stants: 100–200 ps and >5 ns, as indicated by the global fit (Fig. 9, 
right). This behaviour can be interpreted considering that charge 
recombination can occur from two types of electron-hole pairs, one 
where the electron is still electrostatically bound to the dye cation 
(interfacial charge-transfer complex) and one where the electron has 
become a “free” carrier [89]. The “infinite” lifetime is thus indicative of 
the presence of free electrons that will give origin to the photocurrent. It 
can be noticed that the short lifetime (1–2 ps) observed for the first 
component associated with the radical cation of the dye is justified by 
the absence of an external circuit that promotes the movement of the 
electron once generated. Part of the formed cations will thus recombine 
quickly and, given the high attenuation coefficient of these species, their 
transient features dominate the spectra at short time delays.

When co-adsorbed with the complex Ru(bda)(PyP)2 on TiO2, dyes 
1a-c show transient spectral features very similar to those observed for 
the bare dyes (Figs. S9–S11). Global analysis again reveals three main 
components with spectral distributions similar to the previous case. A 
somewhat shorter lifetime is detected for the second component, here in 
the order of 100–130 ps, indicating a slightly faster charge recombina-
tion in interfacial electron-hole couples. Overall, the presence of the Ru 
complex does not affect the charge injection and charge recombination 
processes observable in the time scale of the TAS experiment, since the 
process of regeneration of the dye operated by the catalyst occurs on 
longer time domains. Besides, the transient absorption features of the 
bare complex adsorbed on TiO2 are weak (Fig. S12) and thus hardly 
recognizable in the spectra of the co-adsorbed samples.

3.5. Electrochemical and photoelectrochemical experiments

As a final part of our study, the capability of the new dyes to work as 
sensitizers for DS-PEC photoanodes was preliminarily assessed by 
measuring the relative photocurrent response in a photo- 
electrochemical cell with three-electrodes configuration and Na2SO4 
0.1 M water electrolyte. We point out that the aim of these studies was 
especially to determine if the electrodes were photoactive, measure the 
extent of photocurrent produced at a fixed potential and compare the 
relative performances of the dyes under the same conditions, leaving the 
optimization of cell performances and the precise determination of their 
efficiency to a future investigation.

Functionalized FTO/nc-TiO2 electrodes with a surface area of 1 cm2 

(see Materials and Methods Section for details on their preparation) 
were obtained by simple immersion in the appropriate staining solu-
tions. Electrodes decorated only with the Ru(bda)(PyP)2 catalyst were 
prepared by dipping in a 1.0 × 10− 4 M solution of the complex in a 
MeOH/HFIP 9:1 mixture for 4 h. DS-PEC photoanodes, on the other 
hand, were obtained by immersion in a mixed solution of one of the dyes 
1a-c and Ru(bda)(PyP)2 in a MeOH/THF/HFIP 70:25:5 solvent mixture 
for 4 h. The concentrations of the dye and the catalyst in this staining 
solution were 2.0 × 10− 4 M and 1.0 × 10− 4 M, respectively. In both 
cases, the addition of HFIP to the solvent mixture proved essential to 
obtain a clear solution of the catalyst, allowing its proper adsorption on 
the semiconductor surface.

Prior to the photoelectrochemical experiments, we recorded the cy-
clic voltammetry (CV) traces of the electrodes in dark conditions 
(Figs. S13–S14), using a three-electrodes cell setup with the function-
alized films as working electrodes, a Saturated Calomel Electrode (SCE) 
as the reference electrode, a platinum wire as the counter electrode and 
phosphate buffer (pH = 6.6) as the electrolyte. In the case of the elec-
trode functionalized with the sole Ru(bda)(PyP)2, the small reversible 
peak at E1/2 ~ +0.6 V vs. NHE could be assigned to the RuII/RuIII redox 
couple, whereas an anodic wave with an onset potential of approx. +1.1 
V vs. NHE (Fig. S13) indicated that the water oxidation reaction 
occurred [51,81]. As for the DS-PEC photoanodes functionalized with 

both the dyes and the catalyst, the presence of the Ru complex was 
confirmed by the same RuII/RuIII redox peak mentioned above, although 
the latter was less evident for the sample sensitized with 1b; the same 
electrode presented also a smaller water oxidation wave at positive 
potentials, suggesting that it could be less efficient in promoting the 
desired reaction (Fig. S14, see below for a discussion).

Linear sweep voltammetry (LSV) studies were then carried out in a 
photo-electrochemical cell, using the functionalized FTO/nc-TiO2/1a-c 
+ Ru(bda)(PyP)2 films as working electrodes, an Ag/AgCl (KCl sat.) 
reference electrode and platinum wire as the counter electrode, while 
aq. Na2SO4 0.1 M (pH = 6.5) was employed as the electrolyte. The ex-
periments were conducted under chopped illumination (100 mW cm− 2, 
AM 1.5 calibrated with a reference silicon solar cell), to highlight the 
different response of the electrode materials and confirm their photo-
active behavior (Fig. 10a). The largest photocurrent was provided by 
dye 1a, with an onset at around − 0.2 V vs. NHE and the maximum value 
of approx. 150 μA cm− 2 (difference between illuminated and dark 
conditions) in the +0.4–0.5 V vs. NHE range, indicative of its good 
combination of intense light absorption and well-aligned electro-
chemical features. Dye 1c presented a similar behavior, but the value of 
the photocurrent in this case was smaller, with a maximum of approx. 
85 μA cm− 2 in the same potential range. Conversely, the electrode 
featuring dye 1b proved almost inactive under illumination, providing a 
photocurrent that was just a few μA cm− 2 higher than that recorded 
under dark conditions.

In view of the results of the LSV experiments, the subsequent chro-
noamperometric (CA) experiments were performed at a fixed bias of 
+0.5 V vs. NHE to maximize the photocurrent response (Fig. 10b and c). 
Current traces were recorded for 100 s, once again under chopped 
illumination. After an initial decay, caused by fast electron injection 
from the excited dye to the conduction band of TiO2 followed by rapid 
charge recombination (as a result of the kinetic limitations of the dye 
regeneration process by the WOC) [90], photocurrents remained 
essentially stable throughout the experiment. The results were in good 
agreement with those obtained in the LSV experiment, with the 1a- and 
1c-containing electrodes providing currents of approx. 145 μA cm− 2 and 
82 μA cm− 2, respectively, while the electrode fabricated with 1b showed 
the by far lowest amount of photocurrent, with a value of just approx. 6 
μA cm− 2.

The lack of activity shown by the 1b-containing electrodes could be 
tentatively explained based on the following reasons: (a) as mentioned 
above, dye 1b showed a lower ground state oxidation potential 
compared to the other two dyes (+1.08 V vs. NHE in DCM solution, see 
Table 2), potentially slowing down its regeneration by the oxidized 
WOC; (b) in addition, it presented also the highest loading value on 
TiO2, suggesting that an insufficient amount of the catalyst could be 
adsorbed on the semiconductor surface when applying the “co-adsorp-
tion” method described above.

Based on these considerations, we reasoned that regeneration of 1b 
could be boosted by increasing the relative amount of catalyst adsorbed 
on the semiconductor relative to the dye. Accordingly, we tested a 
“sequential” adsorption procedure, in which the bare TiO2 electrodes 
were first immersed in a 1.0 × 10− 4 M solution of the catalyst for 4 h, 
and then in a 2.0 × 10− 4 M solution of dye 1b. By comparing the 
normalized UV–Vis absorption spectra of the electrodes obtained with 
the two different staining procedures (Fig. S15), a higher relative 
absorbance was found for the sample obtained with the “sequential” 
protocol in the 350–500 nm range, where light absorption by the cata-
lyst is larger (see Fig. 6). In addition, in the CV curves (Fig. S16) the 
redox peak of the RuII/RuIII couple was more evident for the “sequential” 
sample and an intense electrocatalytic anodic wave (onset ca. +1.1 V vs. 
NHE) was observed, comparable to that previously obtained with 1a,c, 
suggesting that the electrode was more catalytically active than that 
prepared with the “co-adsorption” procedure.

LSV experiments conducted with the FTO/nc-TiO2/1b + Ru(bda) 
(PyP)2 electrodes obtained by the “sequential” adsorption method 
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indeed displayed an improved photocurrent compared to the previous 
ones, with a value of approx. 63 μA cm− 2 in the +0.4–0.5 V vs. NHE 
range (Fig. 10d). This result was once again confirmed by the CA 
recorded at +0.5 V vs. NHE, in which a relatively stable response of 
approx. 68 μA cm− 2 could be observed for the entire duration of the 
experiment. Although the current obtained with the “sequential” 1b +
Ru(bda)(PyP)2 photoelectrodes was still lower than those provided by 
dyes 1a,c, this result was considered highly relevant, as it highlighted 
how DS-PEC performances could be altered by modifications of the 
sensitization procedure, in response of the specific structural and elec-
trochemical features of their molecular components.

4. Conclusions

In this paper, we have described our studies concerning the design, 
synthesis, characterization and application of new donor-acceptor 
organic dyes as anodic sensitizers in photoelectrochemical cells for 
water splitting application. With the help of DFT and TD-DFT compu-
tational studies, the structures of the dyes were designed to endow them 
with a precise set of desirable properties, namely: (a) well-aligned 
ground state oxidation potentials, to allow their regeneration by 
typical Ru-based water oxidation catalysts; (b) intense visible light ab-
sorption, particularly between 500 and 600 nm, as a result of ICT pro-
cesses; (c) good solubility and anchoring to the electrode semiconductor 
film.

The structures of dyes 1a-c presented a common 2,3-diphenyl-5,8- 
dithienylquinoxaline central core and three different alkoxy- 
substituted benzene rings as donor groups of moderate strength. The 
varying number of substituents and the different substitution patterns of 
the donor groups were expected to alter the energy of the corresponding 
HOMO levels, allowing a fine tuning of the dyes ground state oxidation 
potentials and affecting the efficiency of their regeneration by the WOC.

The dyes were prepared through a multistep synthetic sequence, 
featuring two consecutive direct arylation reactions as the key carbon- 
carbon bond forming steps. By applying such procedures, it was 
possible to sequentially introduce both the acceptor and the donor 
groups while reducing the number of steps compared to typical cross- 
coupling procedures, keeping the overall synthetic route concise. The 

spectroscopic and electrochemical properties of compounds 1a-c were 
determined both in solution and upon adsorption on mesoporous TiO2 
thin films. In agreement with the results of the computational studies, all 
compounds presented marked visible light absorption in solution. After 
adsorption on the semiconductor, spectral profiles were only slightly 
affected, although a small blue shift of the absorption maxima and a 
broadening of the main visible absorption bands could be observed. 
Electrochemical analysis in DCM solution confirmed the expected 
impact of the relative strength of different donor groups on the ground 
state oxidation potentials of the compounds, with Eox values increasing 
in the order 1b < 1a < 1c.

As a WOC to work in combination with the dyes, we selected com-
pound Ru(bda)(PyP)2, thanks to its simple symmetric structure and the 
possibility to prepare it from readily available, commercial starting 
materials. Its synthetic protocol was slightly modified compared to 
literature reports, and it was found that using HFIP as a co-solvent was 
crucial both to improve the efficiency of its formation and facilitate its 
subsequent purification and handling. CV experiments indicated that the 
onset of electrochemical water oxidation with Ru(bda)(PyP)2 adsorbed 
on TiO2 occurred at around +1.1 V vs. NHE, which was considered 
compatible with the ground state oxidation potentials of all dyes, 
although in the case of compound 1b its lower Eox value measured in 
solution could point to a less efficient dye-regeneration process in 
comparison to sensitizers 1a,c.

Before carrying out the photoelectrochemical tests, the dynamics of 
photoexcitation and charge transfer of the dyes adsorbed on mesoporous 
TiO2 films were studied by means of TAS technique. The results evi-
denced ultrafast electron injection processes taking place within the 
time resolution of the instrument, with formation of both dye-bound 
(lifetime 100–200 ps) and long-lived (>5 ns), “free” charge carriers 
for all the tested systems, the latter being able to give rise to photo-
current in PEC cells.

Finally, the ability of the new dyes to work as anodic sensitizers in 
DS-PEC devices was preliminarily assessed by means of photo-
electrochemical tests in a three-electrodes cell setup. We found that 
when the dyes and WOC were deposed on the electrode semiconductor 
by means of a “co-adsorption” procedure, the best performance was 
yielded by dye 1a, which provided a photocurrent density of approx. 

Fig. 10. (a) LSV traces of DS-PEC fabricated with FTO/nc-TiO2/dye + Ru(bda)(PyP)2 working electrodes under chopped AM 1.5 illumination; (b) CA of the same 
cells under chopped AM 1.5 illumination from 0 to 60 s; (c) zoom of panel (b) in the 20–40 s range; (d) comparison of the LSV traces of DS-PEC fabricated with FTO/ 
nc-TiO2/1b + Ru(bda)(PyP)2 working electrodes obtained with the “co-adsorption” and “sequential” methods, under chopped AM 1.5 illumination; (e) CA of the 
same cells under chopped AM 1.5 illumination from 0 to 60 s; (f) zoom of panel (e) in the 20–40 s range.
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150 μA cm− 2 at +0.5 V vs. NHE external bias, while 1c gave a lower 
current of approx. 85 μA cm− 2 at the same bias. The electrodes built with 
dye 1b, on the other hand, appeared almost inactive. This was tenta-
tively attributed to the inefficient regeneration of the dye by the WOC, 
caused both by a lower driving force, as mentioned above, and an 
insufficient amount of catalyst deposed on the electrode with the “co- 
adsorption” method. To address this issue, we tested a different staining 
procedure, involving the sequential deposition on TiO2 of the WOC 
followed by the dye. Indeed, under these conditions, a significant 
photocurrent improvement was observed, although the measured value 
was still lower than those previously obtained with dyes 1a,c.

We are confident that the results presented here can contribute to 
define more general guidelines for the design of organic sensitizers with 
application in DS-PEC for water splitting. This concerns especially the 
influence exerted by different donor groups on the electrochemical 
properties of the compounds and the impact of the central hetero-
aromatic moiety on their light harvesting features. In particular, it was 
confirmed that compounds having a quinoxaline core flanked by highly 
conjugated thiophene-benzene sections present an intense absorption in 
the visible region above 500 nm [64], marking a difference from some of 
the simpler organic dyes previously used in DS-PEC research. Among the 
new compounds, dye 1a seemed to possess the most balanced combi-
nation of the relevant photophysical and electrochemical properties, 
presenting intense and broad light absorption, well-aligned ground- and 
excited state oxidation potentials and optimal adsorption density on 
TiO2, resulting in the best photocurrent values of the series. Notably, we 
also observed that, in the case of the 1b/Ru(bda)(PyP)2 combination, 
changes in the electrode staining procedure, adopted to better accom-
modate the properties of the molecular components, can have a signif-
icant effect on the cells photocurrent response. On the basis of these 
results, further studies concerning the refinement of the electrode 
fabrication and functionalization protocols, the exploration of different 
dye/catalyst combinations and the precise measurement of DS-PEC ef-
ficiencies are currently underway.
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[83] Kavan L, Tétreault N, Moehl T, Grätzel M. Electrochemical characterization of TiO2 
blocking layers for dye-sensitized solar cells. J Phys Chem C 2014;118:16408–18. 
https://doi.org/10.1021/jp4103614.

[84] Staehle R, Tong L, Wang L, Duan L, Fischer A, Ahlquist MSG, Sun L, Rau S. Water 
oxidation catalyzed by mononuclear ruthenium complexes with a 2,2′-Bipyridine- 
6,6′-dicarboxylate (bda) ligand: how ligand environment influences the catalytic 
behavior. Inorg Chem 2014;53:1307–19. https://doi.org/10.1021/ic401701z.

[85] Chen Z, Concepcion JJ, Jurss JW, Meyer TJ. Single-site, catalytic water oxidation 
on oxide surfaces. J Am Chem Soc 2009;131:15580–1. https://doi.org/10.1021/ 
ja906391w.

[86] Gierszewski M, Glinka A, Grądzka I, Gierczyk B, Ziółek M. Testing new concepts in 
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