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If you don't make mistakes, you're not 

working on hard-enough problems. 

And that's a big mistake. 

 

 

- Frank Wilczek
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The pursuit of a clean energy source is a goal that the 

scientific community should achieve in the next decades. 

Currently, energy is mainly derived from oil, coal, natural 

gas, and other non-renewable sources. In recent years, 

hydrogen has gained much attention in the scientific 

community as a renewable energy carrier. However, the main 

goal in the energetic field is to move from the production of 

grey hydrogen (obtained using fossil sources with the 

subsequent emission of carbon dioxide) to the evolution of 

green hydrogen (produced with zero carbon footprint). This 

thesis investigates two of the most important devices that 

produce green hydrogen by exploiting the solar -driven water-

splitting reaction with dye-sensitized photocatalytic and 

photoelectrochemical approaches. These devices mimic natural 

photosynthesis with the ambition of developing an artif icial 

leaf. Thus, Chapter 1 provides the fundamental information to 

understand the aim of the research performed in this thesis. 

This chapter presents an overview of the present world energy 

situation and an introduction to a new hydrogen -driven society. 

This is followed by the presentation of artificial 

photosynthesis. Much interest is focused on the importance of  

solar radiation and on the principal aspects of natural 

photosynthesis, which artificial photosynthesis imitates.  

Chapter 2 introduces the reader to photocatalysis generally, 

and the working principles and parameters used in the 

evaluation of the efficiency of the photocatalytic device. 

Photocatalysis is composed of a semiconductor, which absorbs 

solar radiation and generates an electron/hole couple. Then, a 

particular catalyst uses the excited electron to evolve 

hydrogen, and, in most cases, a sacrificial electron donor 

restores the semiconductor. In some cases, a dye sensitizes 

the semiconductor to enlarge its absorption spectrum into the 

visible region. 

An example of dye-sensitized photocatalysis which exploits 

host-guest interactions with the sacrificia l electron donor is 

described in Chapter 3. We investigated a series of new dyes 
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characterized by the presence of a calix[4]arene macrocycle  

which can exploit host-guest interactions with triethanolamine 

chosen as the sacrificial electron donor. Their performances 

are compared with a corresponding linear derivative. In this 

work, the presence of the macrocycle remarkably increases the 

efficiency of the photocatalytic system even if the compounds 

present similar optical properties to the linear benchmark. 

Hence, we hope that the potential of the supramolecular 

interactions in photocatalytic devices can pave the way for 

the development of new strategies in this direction.  

Chapter 4 introduces the reader to the general aspects of 

photoelectrochemical cells and the working principles and 

parameters used in the evaluation of the efficiency of these 

devices. I focus on simple photoelectrochemical cells 

characterized by the presence of only one photoactive 

electrode, in this case, the photoanode. As for photocatalys is, 

the core of the photoanode is a semiconductor, which a dye 

can sensitize. The presence of a second molecular element, a 

water oxidation catalyst, is mandatory to perform the water 

oxidation in the anodic compartment. Sometimes, a dye and 

catalyst can be combined in an integrated system called a 

dyad with the aim of increasing the efficiency of the system. 

In Chapters 5 and 6, two kinds of non-covalent dyads are 

investigated, while in Chapters 7 and 8 two covalent ones. 

Chapter 5 presents the first example in dye-sensitized 

photoelectrochemical cells where cal ix[4]arene macrocycles 

have been used to exploit host -guest interactions with suitable 

catalysts. Two new photosensitizers functionalized with a 

calix[4]arene macrocycle were studied in combination with two 

water oxidation catalysts. We found that the host -guest 

interactions with the catalysts could increase or decrease the 

efficiency of the device, depending on the different designs. 

Moreover, the higher rigidity of one system with respect to 

the others could completely limit the performance of the 

device. The other non-covalent interaction is described in 

Chapter 6 and exploits π - π interactions between the dye and 

the catalyst. A push-pull organic photosensitizer is 

functionalized with a graphene layer to increase the stabil ity 

of the photoanode and reduce detrimental interactions between 

the semiconductor and the catalyst. However, only the 
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synthesis of the organic dye is il lustrated in this chapter. All 

further characterizations and the attachment to the reduced 

graphene layer are in progress.  

In Chapter 7, one of the first examples of organic dye -based 

dyad connected by a covalent bond is presented. A series of 

eight dyes and eight covalent dyads belonging to two different 

families, phenothiazine and carbazole, is reported. The dyads 

are obtained by self -assembly of the dye and catalyst directly 

on the photoanode. The correct formation of the dyads is 

confirmed by XPS spectroscopy as well as electrochemistry. 

Some of these dyads have been investigated in oxygen 

production using the collector -generator technique. The 

calculated Faradaic efficiencies show the less stabil ity of the 

phenothiazine-based dyads as well as the good performances 

of the carbazole-based ones. The carbazole-based dyads turned 

out to be the best performing dyads in water oxidation when 

also compared to the organometall ic dye-based systems. 

In Chapter 8, I report the projects I followed at Yale 

University during my Ph D. period abroad. The first project 

focuses on the optimization of the new way of binding the 

TiO2 that the Yale group has recently discovered. I 

functionalized four different BODIPY dyes in positions 2 and 

6 with small and large substituents to study the influence of 

these substitutions on the binding mode. I found that the 

presence of only one substituent does not influence the binding 

mode, while the presence of the second substituent reduces it, 

until almost preventing if the substituent is large. After this 

first optimization study, I focus on the synthesis and 

application in water oxidation of a new iridium-based water 

oxidation catalyst. This electrocatalyst exhibited good water 

oxidation capabilities generating high current density on ITO 

films. It was further used as a dyad for photoelectrochemical 

application, since one of its ligands is photoactive. However, 

its performances were not influenced by the solar irradiation, 

indicating an incorrect charge transfer to the dye.  

Finally, in Chapter 9, I report some conclusions and the future 

perspectives in the DSPC and DSPEC fields. 
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1.1 Climate is changing 

he effects of climate change are exceedingly evident 

in everyday life. Every year , the winter is warmer 

than the prior one, spring and autumn are 

disappearing, the Arctic and Antarctica are melting, 

seas are rising, biodiversity is getting lost, and all these 

changes are causing unprecedented risks to vulnerable people 

and populations. To limit its effects, in September 2015, 193 

member States of the United Nations signed the 17 Sustainable 

Development Goals, a 15-year plan to promote prosperity while 

protecting the planet. They recognized that ending poverty 

must go hand-in-hand with strategies that build economic 

growth and address a range of social needs including education, 

health, social protection, and job opportunities all while 

tackling climate change and environmental protection. 1 Two 

months later, in Paris, COP21 took place, the Paris agreement 

was defined, and the following year signed by all 196 Parties. 

In this agreement, all countries agreed to work to limit global 

temperature rise this century to well below 2 °C, and given 

the grave risks, to strive for 1.5 °C.1 , 2 Any increase beyond 

that point might enhance the risk of extreme climate events, 

such as drought, floods, and very high temperatures for a lot 

of populations.3 It also provides a roadmap for climate actions 

that could reduce emissions and build climate resil ience. Now 

the global temperature is rising by 0.2 °C every decade. 4 

Greenhouse gases (GHG) emissions, in particular CO2 , NOx , CH4 , 

and chlorofluorocarbons , which accumulate in the upper part 

of our atmosphere, are largely responsible for this rising 

temperature. Around 99% of total global GHG emissions is due 

T 
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to the energy sources we use to maintain our lifestyle s.5 By 

2030 global carbon emissions should decrease by 45% 

concerning the amount in 2010 and continue a steep decline 

to zero net emissions by 2050. 6  

Every second, solar radiation reaches the Earth’s surface, and 

it is reflected as infrared (IR) radiation which CO 2 and water 

vapor in the atmosphere mainly absorb, causing the planet to 

overheat.7 Carbon dioxide and water are the major products 

of the combustion reaction for organic compounds. However, 

animals and humans also emit CO 2 , which plants convert into 

molecular oxygen and carbohydrates. This perfectly harmonious 

cycle rules our planet and our existences. The discovery and 

the extreme abuse of fossil fuels changed this balance. As it 

is possible to see in Figure 1, the level of carbon dioxide has 

fluctuated throughout Earth’s history, but since the end of 

World War II, it has never stopped its growth and made it 

steeper. Nowadays, about 80% of the energy used by humanity 

comes from oil, coal, gas, and other nonrenewable sources. 8 

Every year about 30 Gt of li thosphere carbon, in the form of 

coal, oil, gas, etc. , are transferred as carbon dioxide to the 

atmosphere to maintain our lifestyles with drastic consequences 

for the environment and our health .9 It is reflected in the 

rise of global CO2 concentration, which now is about 20 ppm 

per decade. This is up to 10 times faster than any sustained 

rise in CO2 during the past 800,000 years (Figure 1).3  

Although fossil fuels are no longer sustainable for our Earth, 

they are not running out, and that is the real problem! Over 

the past twenty years, accessible reserves of coal and oil have 

officially increased , making them available for another 200 

years.10 , 11 This is certainly not a reassuring fact, since it 

delays the definitive transition to renewable energies even 

more. Interestingly, fossil fuels are a kind of buried solar 

radiation. Therefore, defining the Sun as an "alternative" 

energy source is not entirely correct. Our existence has always 
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been completely dependent on solar energy. The significant 

difference is that solar energy is continuously generated and 

delivered in real - time, whereas fossil fuels formed a long time 

ago and are now consumed at least 100 000 times faster than 

they were produced. A trend impossible to perpetuate. 12 , 13 

 

Figure 1: The distribution and variation of the level of carbon dioxide 

(417 parts per million – ppm) during time (data from 

www.climate.nasa.gov). 

Moreover, the main problem is that energy should be easily 

concentrated, stored, and transportable. Fossil fuels meet these 

demands well , while renewable energies mainly meet only one 

or two of these requirements, such as electricity produced 

form solar, wind or water that can be easily concentrated and 

transferred but not stored. 14 In 2020, only 11.2% of world 

energy demand was satisfied by renewable sources, compared 

to 8.7% a decade earlier.15 In the electricity sector the use 

of modern renewable energy has grown to 27% of the total 

final energy consumption (TFEC) due to a more increase in 

the use of solar panels, geothermal energy and wind power. 15 

Hydroelectricity remains the most used and developed among 

the renewable energies, but it does not exhibit any significant 

increase with respect to the previous year. 16 On the other 
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hand, the use of solar photovoltaics has increased of 22% 

since 2019.15 However, in the automotive sector, the renewable 

sources appear only for a 0.3% of the TFEC. More space is 

left to the biofuels which reached the 3.1% of the TFEC. 15 As 

it is possible to see in Figure 2, the transportation field is 

the most behind in the transition to renewables in almost all 

the countries.15  

 

Figure 2: Schematic view of the number of countries that reached or 

not their 2020 Renewable Energy Targets in the different fields. Image 

from ref. 15. 

In recent years, many car manufacturers have launched new 

cars that run on electricity or hydrogen, but often these do 

not come from renewable sources. Although electric cars are 

now a reali ty and scientists and industr ies are putting a lot 

of efforts into using renewable energy for charging stations, 

fossil fuels remain a more convenient choice, especially for 

heavy transport such as planes and boats. 17 In fact, they 

would need really large and heavy batteries that require many 

hours of recharging with respect to a car battery which, in 

the fastest models, recharges in about 30 min. 18 Hydrogen 

might be the alternative to oil in this field. In fact, fil l ing a 

tank with hydrogen would take about the same time as using 
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methane. It could be used as a fuel in internal combustion 

engines or fuel -cell driven cars. Moreover, 9.5 kg of hydrogen 

contain the same energy of 25 kg of gasoline and its 

combustion generates only water vapor as a by -product (Eq. 

1.1).19 , 20 

H2 (g) + ½O2 (g) → H2O (l) + 286 kJ mol - 1  (Eq. 1.1) 

1.2 Say “Hy” to the future: Hydrogen storage 

and production 

Although hydrogen has the highest energy density per unit of 

mass (120 MJ/kg), its specific density is one order of 

magnitude lower than that of methane. 11 This means that it 

needs a tank 10 times larger than that of methane. At room 

temperature, uncompressed hydrogen occupies 11250 L kg - 1 , 

pressurizing it into high-pressure (350 atm) steel tanks this 

is reduced to 56 L kg - 1.20 To store it as gas such as l iquefied 

petroleum gas or methane, it would need special large gas 

cylinders21 , 22 that are a real problem for cars, but not so 

much for planes, trucks, or buses, which are already powered 

by hydrogen in many cities. 23 Another way to store hydrogen 

is to liquefy it but this requires a complex process as it has 

to be cooled to 20 K and about 30% of its energy is required 

to condense it. 20 Another drawback is that it must be stored 

at that low temperature to avoid possible evaporation and 

leakage. Insulation for liquid hydrogen tanks i s usually 

expensive and delicate. Alternatively, it is possible to 

chemically store hydrogen in the form of metal hydrides. 24 

The advantage of metal hydrides is the less space required 

compared to compressed hydrogen, and their tanks can also 

be integrated more easily into the vehicle as they are 

moldable.25 , 26 The downside is their weight. The weight of the 
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metal that the hydrogen binds to determines the weight of the 

tank. To store only 5 kg of hydrogen, a tank of several 

hundred kilos is needed. 20 Another possibil i ty is the use of 

microporous metal organic framework (MOF) compounds. MOFs 

have a tunable porosity and framework structure, which can 

accommodate hydrogen molecules through physisorption and 

favorably desorb the adsorbed H 2 compared with other 

contemporary materials. 27 MOFs have demonstrated H 2 storage 

capabil ities at cryogenic temperatures (77 K), but storage at 

acceptable pressures and ambient temperatures is sti l l a 

challenge. 28 The last possibil ity is to store hydrogen with 

carbon nanotubes, which are lighter and their highly porous 

structure favors interaction between carbon atoms and gases. 

However, this technology is stil l in its infancy and much effort 

is stil l needed for a future industrial application as many 

factors regulate the hydrogen storage.29 Currently, the 

compression of hydrogen in suitable tanks appears to be the 

best option for the transport sector due to its ease of carrying, 

ease of use, acceptable efficiency, and mature technology. 23 , 30 -

32 

In addition to the storage problem, there is the problem of 

finding hydrogen on Earth. Due to its low density, it easily 

escapes gravitational force. 20 However, hydrogen is one of the 

most abundant elements on our planet, due to its high ability 

to bind with other elements. Hydrogen is present in water and 

every living organism. It is also present in hydrocarbons and 

most other natural as well as artificial compounds. 20 For this 

reason, energy is needed to extract pure hydrogen from 

hydrogen-rich compounds. Hydrogen is only an energy carrier, 

and its clean or dirty designations depend on what is used to 

produce it. Currently the production methods are divided into 

two macro-areas: conventional methods and renewable ones. 

The former produce “grey hydrogen” and use fossil fuels as 

raw material , while the latter use energy from renewable 
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sources to split water or biomass to generate “green hydrogen”. 

Grey hydrogen is about 96% of the produced hydrogen, and 

comes principally from the steam hydrocarbons reforming 

reaction, which involves the generation of carbon dioxide as 

a side-product (Eq. 1.2). 33 -3 6 This means that the emissions of 

carbon dioxide are not eliminated but only moved upstream. 

Thus, it immediately becomes clear that burning hydrocarbons 

in isolated areas to generate hydrogen for use as a clean fuel 

in metropoli tan areas is an inefficient solution. The only way 

to achieve sustainabil ity is to produce hydrogen more cleanly, 

using renewable sources. 

CnHm + nH2O ⇌ nCO + (n+½m)H 2 

CO + H2O ⇌ CO2 + H2 

 CnHm + 2nH2O ⇌ nCO2 + (2n+½m)H 2 (Eq. 1.2) 

One method uses biofuels in a process similar to steam 

reforming, but, again, carbon dioxide represents the waste 

product of the process, and therefore makes this technique 

unsustainable. 37 , 38 Other studies have addressed the 

exploitation of biological processes of some algae to perform 

different types of bio-photolysis39 and fermentations 40 by 

subjecting the algae to different il luminations and in some 

cases engineered inside bioreactors .41 The main drawbacks of 

these biological processes are the high costs associated with 

low production efficiencies, but also the impossibil i ty of 

obtaining pure molecular hydrogen, since other gases are often 

released, requiring a complicated separation of the gas 

mixture.30 , 41 , 42 The main need to develop a hydrogen-powered 

society is to seek an alternative and sustainable method of 

producing it without obtaining secondary products that are 

harmful to the environment and to the humanity. The most 

prominent and sustainable solutions focus on water splitting 
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(Eq. 1.3). Indeed, water is one of the most abundant and 

inexhaustible materials on Earth. 

2H2O 
𝐸𝑛𝑒𝑟𝑔𝑦
→      2H2 + O2 ΔG = 474 kJ mol - 1 (Eq. 1.3) 

This is an endergonic reaction, which means that the energy 

required to take place will be stored into the chemical bonds 

of hydrogen and oxygen. This energy will be the same that 

hydrogen can generate by its combustion. One of the most 

common methods for splitting water is electrolysis, using an 

electrolytic cell. In this case, its anode and cathode are 

immersed in an aqueous solution in two different half -cells, 

producing oxygen and hydrogen. The energy needed to carry 

out the process can be generated both from non -renewable 

sources, such as fossil fuels, and from renewable sources such 

as solar, wind, or hydroelectric, thus obtaining green 

hydrogen. 43 , 44 Another very similar method is thermolysis, 

which involves the use of heat to decompose water into oxygen 

and hydrogen. Since more than 2770 K are required to carry 

out the reaction, several catalytic cycles with inexpensive 

metals such as copper and tin have been developed, to make 

the process more feasible at lower temperature (about 820 K) 

without releasing any GHG into the atmosphere. 34 , 45 , 46 Water 

splitting takes a lot of energy to occur. However, for the first 

law of thermodynamics, energy cannot be created, but only 

transferred from one form to another. Therefore, it is 

mandatory to find an energy source that can provide a 

continuous flow of energy without sus tainabil i ty problems for 

present and future generations.   
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1.3 Here comes the Sun 

Among all the renewable sources, solar radiation is the most 

promising. Sunlight is abundant, well distributed all over the 

planet and inexhaustible. The sun has an emission spectrum 

that can be approximated with a 5800 K blackbody, but as it 

is possible to see in Figure 3, the solar spectrum that reaches 

the upper portion of the atmosphere (dark grey) is very 

different from the one that reaches the Earth’s surface (l ight 

grey). This effect is merely due to the presence of many 

particles in our atmosphere. These complex reflections, 

absorptions, scattering, and re-absorption effects make life on 

Earth possible. Our atmosphere prevents the highest energy 

radiation from reaching the surface and keeps the planet warm 

a comfortable 15 °C average temperature. 13  

 

Figure 3: The solar radiation spectrum at the external boundary of 

the atmosphere (AM0, dark grey) compared to that at sea level (AM1.5, 

light grey). Imagine from ref 13.  

Infrared radiation (IR) makes up about 50% the solar spectrum 

that reaches the Earth’s surface, visible radiation (400-700 

nm) is 45%, and ultraviolet radiation is about 5%.13 , 47 For 

now, solar radiation is mainly used just for photovoltaic 



 
18 

application, which allows the conversion of sunlight into 

electricity. Thankful ly, the amount of renewable energy in this 

field is increasing every year, especially for wind and 

photovoltaics (Figure 4).48 

 

Figure 4: Annual additions of renewable power capacity by technology. 

Image from ref 15. 

Every day, about 90 PW of solar radiation reaches the Earth’s 

surface and feeds all the chemical and physical processes that 

keep our planet alive. The average primary energy consumption 

rate in 2018 was around 19 TW, which means that covering 

0.16% of the surface of the Earth with solar panels would be 

enough to meet all of the global annual energy demand .49 , 50 

Italy would have to cover an area as large as the province 

of Piacenza to meet all its needs .14 Perhaps by covering all 

the roofs of houses and industries throughout Italy, it would 

be possible. However, the problem is how to store all this 

energy and use it when needed. The real complications of 

photovoltaics are the continuous fluctuations and intermittence 

of solar radiation due to cloudy days and the day-night cycle. 

Just a small portion of solar energy is used to sustain 

fundamental natural processes in the biosphere . Plants and 

algae capture only 1% of the solar radiation to perform 
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photosynthesis. The amount of energy they consume daily is 

comparable to the energy stored in al l the combined nuclear 

weapons of the world.13 They transform hundreds of mill ions 

of tons of carbon dioxide into food and living tissue every 

single day. Plants and bacteria capture and convert light into 

biological material 100 times greater than the food needed for 

human sustenance. 51 For millennia, they have always done 

what the scientific community seeks. With photosynthesis, 

plants and bacteria split water in oxygen and hydrogen and 

fix carbon dioxide with the latter to obtain carbohydrates 

storing the solar energy into chemical bonds (Eq. 1.4). 52  

H2O + CO2
Solar energy

→          O2 +  
1

6
C6H12O6 ΔE° = 1.24 V (Eq. 1.4) 

The energy required to perform water splitting corresponds to 

photons with a wavelength of about 1000 nm, belonging to 

the Near IR region. However, irradiation at shorter 

wavelengths is required to overcome the high activation 

barrier,53 and only a small percent of solar photons possesses 

enough energy to succeed in this effort. Sunlight alone is not 

enough to drive the water splitting reaction, if it were 

possible, seas and rivers would no longer exist. Nevertheless, 

the real limit in the splitting of water for the development of 

a hydrogen-driven society is not the amount of solar radiation, 

but the device it needs: a catalyst to drive this reaction with 

high efficiencies. Nowadays, only 4% of the hydrogen produced 

is obtained by the splitting of water, using solar radiation as 

energy. 20 However, this technology suffers from the high cost 

of materials. These devices are often built with non-abundant 

elements, so the limiting reagents in the use of solar radiation 

are not photons, but atoms. 54 
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1.4 Towards the artificial leaf 

To develop a device, which mimics natural photosynthesis it 

is mandatory to follow nature. In chloroplasts, two large 

protein complexes, photosystem II (PS II) and photosystem I 

(PS I), various redox cofactors, and a hydrogenase enzyme 

compose this biological machinery (Figure 5).52  

 

Figure 5: Schematic representation of the photosynthesis chain. Image 

from ref 55. 

Natural photosynthesis can be divided into three stages . The 

first is the harvest of light and generation of local 

electron/hole pairs in PS II and PS I. The second is the proton-

coupled electron transfer between redox cofactors along the 

photosynthetic chain by transferring the electron into PS I 

and leaving the hole in PS II. Finally, the third step is the 

multi -electronic redox catalysis , which generates molecular 

oxygen at the PS II thanks to the oxygen-evolving CaMn 4 

center and molecular hydrogen in the binuclear metal clusters 

of the hydrogenase. 55 Then, hydrogen is used to fix carbon 

dioxide in the Calvin cycle. Although the efficiency of this 

system is low, the principle is incredible. First, antenna 

systems collect solar radiation and convert it into chemical 
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energy. Second, the electron transfer chain to the PS I avoids 

the occurrence of charge recombination events. In the end, a 

second light-harvesting process occurs at PS I, thus providing 

additional energy to the electrons to perform the Calvin cycle 

or reduction at the hydrogenase. 55 

The standard potential ∆E° of water splitting or water 

electrolysis to H 2 and O2 is 1.23 V at any pH (Eq. 1.3) and 

the analysis of the potential for the natural photosynthesis 

reaction (Eq. 1.4) shows that water splitting is the heart of 

the solar energy storage. Carbon dioxide fixation contributes 

only 0.01 eV in the storage of energy. 56 Hence, the production 

of carbohydrates is only a method that nature uses to store 

the hydrogen produced by the water spitting reaction. 

Consequently, the key to mimicking photosynthesis lies in 

obtaining sun-driven water splitting by a direct method. Once 

scientists become proficient in this , hydrogen could be used to 

produce synthetic fuels such as methane, methanol,  

isopropanol, etc. , from cheap carbon-rich compounds like 

carbon dioxide. These new synthetic fuels will gain a zero -

carbon footprint on the environment as they derive from 

atmospheric carbon dioxide, starting a carbon neutral cycle 

(Figure 6).  

 

Figure 6: Schematic cycle of the transformation of solar radiation into 

chemical energy and storage into carbohydrates. Image from ref 56. 
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To focus on the conversion of solar energy, essentially three 

new technologies deal with the sun -driven water splitting: 

photovoltaics associated with an electrolytic ce ll, 

photocatalysis (PC), and photoelectrochemical cells (PEC). They 

are integrated systems made with cheap materials that can 

obtain hydrogen at a competitive price. This thesis investigates 

only two of these devices, as they are the most innovative 

technologies in the field of artificial photosynthesis and 

focuses on the molecular structures used in these devices.  

In the next sections, I will first focus on the main aspects 

of PC and my research in this field, then I will move to the 

general aspects of PEC and I will present three chapters 

showing the development of four different PEC systems ruled 

by different interactions. The last chapter of this section 

presents the work I did in collaboration with the Yale 

University during my abroad period. Finally, I will conclude 

with a short overview regarding all these techniques and the 

work done during these three years. 
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2.1 General aspects 

The heart of heterogeneous PC is the semiconductor (SC). A 

semiconductor must have defined energy levels to perform both 

the water oxidation reaction (Eq. 2.1) and the hydrogen 

evolution reaction (Eq. 2.2). 

2H2O →  4H+ + O2  + 4e
-    (Eq. 2.1) 

2H
+
 + 2e

-
 → H2    (Eq. 2.2) 

Its conduction band (CB) must be at a more negative potential 

than the potential of the reduction reaction from protons to 

hydrogen (0 V vs NHE, pH 0) and its valence band (VB) must 

be at a more positive potential than the potential of the water 

oxidation (1.23 V vs NHE, pH 0).1 Therefore, it must present 

a bandgap of at least 1.23 eV, but in practice, this value 

rises to 2.0–2.4 eV, due to kinetic overpotentials and energy 

losses during the process. Large bandgap SC (more than 3 eV) 

such as TiO2 and graphitic carbon nitride g-C3N4 may be 

suitable for driving the overall water -splitting process. 

However, due to their large bandgaps, they absorb only a 

modest part of the solar radiation, which belongs to the UV 

region. Some SC, such as Fe 2O3 (2.2 eV) and Cu 2O (2.0–2.2 

eV), have smaller bandgaps, which allow a broader absorption 

in the visible region, but their CB and VB are not in the 

correct position to drive the overall water -spli tting process 

alone (Figure 7). Indeed, the CB of Cu2O is in the correct 

position to guide the proton reduction reaction but its VB is  

at not enough positive potential to favor the oxidation of 

water. On the other hand, Fe 2O3 has a VB positive enough to 

perform the oxidation of water, but a CB which is too positive 
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to drive the reduction of the protons. Consequently, these 

materials can only be used for one of the half -reactions: photo-

driven water oxidation or hydrogen evolution. It is possible to 

connect these two SC with a redox couple (IO 3
-/I - , Fe 2 +/Fe3 + , 

etc.) to obtain a tandem configuration, quite similar to the Z 

scheme of the PS II and PS I (Figure 8). However, in this 

case, the energy of two photons is required to generate the 

electron/hole couple on both SCs, thus the efficiency of the 

charge separation reaction drops to 50%. 2  

 

Figure 7: Bandgap energies and band position of several SCs respect 

to the redox potentials of water splitting relative to the NHE at pH 

0. Image from ref 3. 

 

Figure 8: A Z-scheme tandem configuration composed by two SCs 

connected through a redox couple. Image from ref 2. 
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A big problem with PC is the charge recombination reactions. 

The electron and the hole, generated after photoexcitation, 

must carry out the reduction and oxidation reactions 

respectively and not neutralize each other. It is indispensable 

to suppress these undesirable reactions to obtain the maximum 

photon-to-energy efficiency. To improve charge separation, it 

is possible to combine one SC with another by creating a pn 

junction system, which has demonstrated higher activity due 

to the more intimate contact between the SCs, compared to 

simply mixing of the two powders. 4 , 5 Another way to promote 

charge separation is to combine the SC with an electron 

acceptor, such as carbon nanotubes, graphene layers , or 

fullerenes to attract the excited electrons to particular points 

on the surface, and confine them to its ultrathin layer. 3 , 6 , 7 

The morphology of photocatalysts also influences the 

properties, and generally, smaller particle sizes or higher 

crystall inity yield better performance. For this, it is possible 

to tune the intrinsic conductivity of SC by doping with other 

elements or by deleting the surface defects with the application 

of a thin oxide layer. 1 , 2 Finally, one last way is to reduce 

the time in which the charges remain free on the SC and thus 

speed up the redox reactions. Therefore, it is advisable to add 

suitable catalysts for both reactions on the SC surface. The 

main role of these catalysts is to improve charge separation 

to facil itate the surface chemical reactions. The water 

oxidation catalyst (WOC) extracts the generated holes and uses 

them to oxidize water, while the hydrogen evolution catalyst 

(HEC) extracts the generated electrons and uses them to reduce 

protons. The WOC and the HEC can be either molecular 

organometall ic compounds bound to the SC surface 8 or small 

metal nanoparticles, like Au, Pt, or Pd, adsorbed onto the 

SC.9 , 10  

In literature, new approaches are under investigation to 

substitute traditional metal oxide SC (such as Cu2O, TiO2 , Fe2O3 , 
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WO3 , BiVO4)11 with carbon nitride-based nanomaterials and MOF 

structures.6 , 12 However, among the traditional metal oxide SCs 

used in PC, titanium dioxide exhibits the best characteristics 

for a possible industrial application, due to its non -toxicity, 

its cost-effectiveness, and its high chemical stabil ity. However, 

it presents a large bandgap (~3.2 eV) which limits its opt ical 

absorption only in the UV region. 3 To overcome this limit, it 

is possible to decorate the surface with a suitable 

photosensitizer, to broaden the absorption spectrum into the 

visible region. When a photosensitizer decorates the SC surface, 

dye-sensitized PC (DSPC) is defined.13 As in the case of natural 

photosynthesis, DSPC is composed of three main elements: a 

photosensitizer, a SC, and a catalyst. The first absorbs the 

light and excites an electron generating the electron/hole pair, 

like the antenna systems. The second transfers the electrons 

to the catalytic center, like the electron transfer chain, and 

the last activates the redox reaction, like the manganese 

clusters and hydrogenases. The advantage of these devices is 

the possibil i ty of design and optimizing each component one 

at a time.2 , 14 However, this device presents a big problem. 

Performing pure water splitting evolves a complex gas blend 

of oxygen and hydrogen, since there is no physical separation 

between the two-redox cores. Furthermore, the oxidation of 

water is the real bottleneck (Eq. 2.1), since four holes are 

required to develop one mole of molecular oxygen. Hence, to 

avoid these problems, it is possible to study and optimize one 

half-reaction at a time, using a sacrific ial electron donor (SED) 

or a sacrificial electron acceptor (SEA), which is oxidized 

instead of water or reduced instead of protons respectively. 

The redox of SED and SEA is typically a monoelectronic 

reaction that simplifies the electron transfer and speeds up 

the other half-reaction. However, to avoid further 

contamination of the aqueous media with oxidized SED or 

reduced SEA, benchmark compounds are used for this purpose, 

like triethanolamine, methyl orange, ethylenediaminetetraacetic 
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acid (EDTA), etc.15 These compounds are similar to the most 

well -known emerging organic contaminants present in waters. 16 

Thus the development of a device capable of converting organic 

pollutants into molecular hydrogen while purifying waters, is 

noteworthy.17 , 18 Here, I will limit myself to commenting on 

some of the main photosensitizers used in this field in 

combination with different SED showing the parameters and 

the characteristics that I have considered during my work.  

2.2 Working principles and important 

parameters in DSPC 

In DSPC, the general steps involved in the process are the 

following: 

Photoexcitation:  

 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒
ℎ𝜈
→  𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 ∗ (1) 

Oxidative quenching: 

 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 ∗ → 𝑃𝑡/𝑇𝑖𝑂2(𝑒
−)/𝑑𝑦𝑒+ (2) 

 𝑃𝑡/𝑇𝑖𝑂2(𝑒
−)/𝑑𝑦𝑒+  +  𝑆𝐸𝐷 → 𝑃𝑡/𝑇𝑖𝑂2(𝑒

−)/𝑑𝑦𝑒 +  𝑆𝐸𝐷+ (3) 

Reductive quenching: 

 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 ∗ + 𝑆𝐸𝐷 → 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒
∙−  +  𝑆𝐸𝐷+ (4)  

 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒
∙− → 𝑃𝑡/𝑇𝑖𝑂2(𝑒

−)/𝑑𝑦𝑒  (5)  

Proton reduction: 

 𝑃𝑡(𝑒−)/𝑇𝑖𝑂2/𝑑𝑦𝑒 + 𝐻
+  →  𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 + 

1

2
𝐻2 (6) 

Recombination reactions: 

 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 ∗ → 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 +  ℎ𝜈  (7) 
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 𝑃𝑡/𝑇𝑖𝑂2(𝑒
−)/𝑑𝑦𝑒+ → 𝑃𝑡/𝑇𝑖𝑂2/𝑑𝑦𝑒 (8) 

First, the dye is the responsible for the light harvesting of 

the system, thus it collects the photon, exc iting an electron 

and becoming dye* (1). Then, two mechanisms are proposed 

to restore the ground state of the dye. One is oxidative 

quenching in which the excited electron is transferred to the 

titanium dioxide (2) and the hole, which remains in the HOMO 

of dye, catalyzes the oxidation of the SED (3). The other is 

a reductive quenching in which dye* first oxidizes the SED, 

becoming a radical anion (dye ∙ - , 4), and then transfers the 

excited electron into the SC (5). In the end, the last step is 

the reduction of the protons, where the electron trapped in 

the platinum nanoparticles adsorbed onto the SC generates 

molecular hydrogen (6). Typically, the oxidative quenching 

mechanism is predominant, while the reductive quenching is 

performed only by poorly reducing cationic dyes, such as 

methylene blue and thionine, and exhibits the lowest hydrogen 

generation yields. 10 , 19 In addition to these mechanisms, other 

detrimental charge recombination reactions can occur limiting 

the activity of the system. The most common can be the 

relaxation of the dye to the ground state after excitation (7) 

and the quenching between the electron injected into the SC 

and the cationic dye due to a slow hydrogen production or 

slow dye regeneration (8). 10 , 13 

The Pt/TiO2/dye photocatalytic device is typically prepared 

starting from titanium dioxide nanoparticles where platinum 

nanoparticles are deposited by impregnation or photodeposition 

from H 2PtCl6 under UV irradiation. The Pt/TiO 2 assembly is 

then suspended in a dye solution for a few hours in the dark 

to avoid the dye photodegradation. The dye -sensitized 

nanoparticles are separated after centrifugation, washed with 

clean solvent, and then dried under nitrogen flow. UV -vis 

spectroscopy of the solution pre -and post- sensitization is 

typically used to measure the dye loading. Once the catalytic 
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system is ready, it is suspended in an aqueous buffer s olution 

containing the SED and degassed with inert gases to remove 

all the oxygen present. The photoreactor is then irradiated 

with visible light to avoid direct excitation of the TiO 2 

electrons. The evolved gas is typically quantified using gas -

chromatography (Figure 9).20 

 

Figure 9: Schematic and pictorial representation of the photocatalytic 

reactor. 

The simplest way to assess the activity of the photosystems 

is to estimate the amount of hydrogen produced over time. 

This parameter is typically on the order of μmol, and it is 

normalized to the mass of the photocatalyst (μmol g - 1). 

Moreover, the hydrogen evolution rate (μmol g - 1  h - 1) is also 

typically present to evaluate the stabil ity of the photosystem. 

A key parameter in PC is the turnover number (TON) which 

is the ratio between the number of electrons generated that 

produced hydrogen and the number of active sites in the 

system (Eq. 2.3). The ideal photocatalyst should have an 

infinite TON. However, since it is difficult, it is sufficient for 

this number to be higher than one, which means that the 
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number of used electrons is higher than the active catalytic 

sites.  

 𝑇𝑂𝑁 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑡ℎ𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑛𝑢𝑚𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑠𝑖𝑡𝑒𝑠
 (Eq. 2.3)  

Since the number of active sites is complicated to measure, in 

DSPC it can be compared with the amount of dye loaded onto 

the nanoparticles and the number of the electrons that 

produced hydrogen is equal to double the amount of evolved 

hydrogen, hence, the TON equation can be written as fol lows 

(Eq. 2.4). 

 𝑇𝑂𝑁 =  
2 × 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑦𝑒 𝑙𝑜𝑎𝑑𝑒𝑑 
 (Eq. 2.4) 

Because the amount of hydrogen also depends on the time of 

the experiment, a clearer parameter is the turnover frequency 

(TOF) that is the rate per active site (Eq. 2.5).  

  𝑇𝑂𝐹 =  
𝑇𝑂𝑁 

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 
 (Eq. 2.5) 

However, TON, and thus TOF, depend on all the conditions of 

the experiment, like temperature, intensity of the irradiation, 

and wideness of the light spectrum. Therefore, the quantum 

yield is the most useful parameter for comparing all systems. 

It evaluates the number of electrons that effectively produced 

hydrogen with respect to the number of incident photons. Since 

not all the incident photons are effectively adsorbed, this 

parameter is called apparent quantum yield (AQY, Eq. 2.6 and 

Eq. 2.7). 

 𝐴𝑄𝑌 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑡ℎ𝑎𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑛𝑢𝑚𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 (Eq. 2.6) 

 𝐴𝑄𝑌 =  
2 × 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑛𝑢𝑚𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 (Eq. 2.7) 

The number of incident photons can be measured using a 

sil icon photodiode placed in the photoreactor. This value is 
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easier to be recorded with a monochromatic light source, and 

the typically used wavelength is the λmax of the absorption 

spectrum of the dye. 

For a photosensitizer, it is also important to evaluate the 

light harvesting efficiency (LHE). The LHE is defined as the 

fraction of light intensity adsorbed by the photosensitizer at 

every wavelength (Eq. 2.8).21  

 𝐿𝐻𝐸(𝜆) = 𝐴(𝜆) =  
𝐼𝐴(𝜆)

𝐼0(𝜆)
 (Eq. 2.8) 

Where 𝐴(𝜆) is the absorptance, 𝐼𝐴(𝜆) is the absorbed light 

intensity and 𝐼0(𝜆) is the incident light intensity. 

In the end, a last important parameter is the light -to-fuel 

efficiency (LFE) that indicates the effic iency of the conversion 

of the solar radiation into the chemical bonds of the molecular 

hydrogen or other solar fuels (Eq. 2.9). 

 𝐿𝐹𝐸 =  
 𝐹𝐻2× ∆𝐻°𝐻2  

𝑆 × 𝐴𝑖𝑟𝑟
 (Eq. 2.9) 

Here, 𝐹𝐻2 is the flow of hydrogen produced (mol s - 1), ∆𝐻°𝐻2 is 

the enthalpy associated with the hydrogen combustion (2.85 × 

105 J mol - 1), 𝑆 is the total incident light irradiance (W cm - 2) 

and 𝐴𝑖𝑟𝑟 is the irradiated area (cm
2). LFE is typically below 

1%, comparable to the low efficiency of natural photosynthesis 

(0.1-1%).  

All these parameters depend on the experimental conditions, 

and it is important to first check them before comparing the 

performances among different studies.  

In the next section, I will analyze the most important 

photosensitizers used in DSPC showing the advantages and the 

drawbacks of each design.   
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2.3 Photosensitizers for DSPC 

A good photosensitizer should adsorb a large portion of the 

solar radiation, efficiently convert the photons into 

hole/electron pairs, allow a faster charge transfer to the 

catalytic centers while avoiding charge recombination 

reactions, and bind strongly to the SC surface to increase the 

stabil i ty of the device. 10 

 In many examples, the design of the most efficient dyes has 

multiple anchor groups to prevent dye desorption. Carboxylic 

acids are the most common anchoring group, especially for 

titanium dioxide, as they can covalently bind to it by forming 

an ester linkage with titanium atoms. 10 However, they are also 

subject to easy hydrolysis in aqueous media where PC 

functions. Other diffuse anchor groups include phosphonic and 

hydroxamic acids, which provide long -term stable bonds. 

However, the synthesis of these groups typically increases the 

number of synthetic steps and the difficulty of purifying the 

final compounds. Moreover, although the phosphonic group 

enhances the stabil ity of the device, it drastically reduces the 

capabil ity of fast charge transfer due to its tetrahedral 

geometry and subsequent loss of conjugation. 22 

In addition to the anchoring stabil ity, the position of the 

energy levels is also important for a photosensitizer. The 

excited electron should pass from the lowest unoccupied 

molecular orbital (LUMO) to the CB of the SC and then be 

transferred to the HEC core. It is thus mandatory that the 

LUMO stays at higher energies with respect to the CB to allow 

the charge transfer. On the other side, the hole, which remains 

in the highest occupied molecular orbital (HOMO) should be 

neutralized by an electron coming from water or SED oxidation . 

Hence, the HOMO should remain at lower energies (or more 
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positive potentials) than the redox potential of the SED or the 

water oxidation reaction. 10 , 13  

The photosensitizer can have either an organometall ic or an 

organic nature. The former obtains a higher efficiency, but 

they suffer from high cost due to the presence of expensive 

metals, greater toxicity due to the metal centers and 

difficulties in tuning the energy levels. In literature, the main 

examples of these molecules are ruthenium-based (Figure 10). 

Two or three bipyridine groups functionalized in different ways 

coordinate to the ruthenium core. They always present at least 

one or two carboxylic or phosphonic anchoring groups for 

binding to the SC since a stronger bond with the surface 

increases the photocatalytic activity. 23 -25 In GS12, a terpyridine 

and a phosphonite ligand complex with the ruthenium center, 

significantly expanding the light absorption of the molecule 

(Figure 10). This photosensitizer obtained a TOF of about 1075 

h - 1 under 2-Sun irradiation.26 Another complex (MC113, Figure 

10) used thiocyanate ligands which increased the catalytic 

activity under visible light irradiation. 27 Other attempts using 

binuclear ruthenium complexes (Ru2, Figure 10) have shown 

high catalytic activity due to both “the antenna effect” driven 

by a metal -to-metal charge transfer process, and a loose 

anchoring on the titanium dioxide which established a dynamic 

absorption equilibrium, resulting in minimized charge 

recombination.28 Only a few examples of organometall ic dyes 

based on metal centers other than ruthenium have been 

investigated (Figure 10). Among these, an asymmetric zinc 

phthalocyanine (Zn-tri -PcNc, Figure 10) is characterized by a 

push-pull structure to generate a more efficient charge 

separation. 29 This dye showed a wide absorption spectrum 

through the near-IR region and good results in gas evolution 

and stabil i ty. 
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Figure 10: Structure of the main organometallic dyes used in DSPC. 

On the other hand, organic dyes are cheaper, and their 

properties can be adjusted more easily, despite exhibiting lower 

efficiencies and stabil ity. The use of abundant and not-precious 
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elements pushes the research in this direction. In the 

literature, there are many examples of organic dye-sensitized 

systems and the most common design includes the push-pull 

dyes, typically based on three connected units, donor (D), 

spacer (π), and acceptor (A). Other types of dyes are 

polymeric, porphyrin-based, perylene-based, xanthene-based, 

and coumarin-based. In this thesis, I will not investigate these 

last categories, but an interested reader can find more 

information in these articles .20 , 30 

The library of push-pull dyes used in this field is very wide 

(Figure 11). The ordinary design is D-π -A, where D is an 

electron-rich group, π is the conjugated spacer, and A is the 

acceptor group, which also provides the anchoring functionality 

for the TiO2. These dyes can be easily modified to increase 

the hydrophilici ty of the surface, the light -harvesting 

capabil ity, and the stabil i ty in the device. The introduction of 

the alkoxyl chains in different positions of triphenylamine -

based dyes showed a significant improvement in the hydrogen 

evolution efficiency due to an enhancement in the 

hydrophilici ty and thus a better interface with the aqueous 

medium (Figure 11).31 , 32 Moreover, the functionalization with 

bulky, rigid, and hydrophilic substituents characterized by low 

degrees of freedom and the capabili ty of intramole cular self -

assembly, such as in PTZ-GLU, clearly improved the wettabil ity 

of the device (Figure 11). In fact, PTZ-GLU-sensitized TiO2 

showed a contact angle with water of just 27° , which is really 

close to that of the bare TiO 2 (14°).33 This innovative design 

resulted in almost doubl ing the TOF compared with the same 

phenothiazine-based dye functionalized with a triethylene glycol 

chain (PTZ-TEG) instead. This can be attributed to the more 

rigid structure given by the glucose. This structure avoided 

the formation of π -π stacking aggregations and at the same 

time, allowed a supramolecular organization on the titanium 

dioxide surface, thanks to the high polar functionalities  that 
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can generate strong directional intermolecular interactions with 

other sugar molecules.  

 

Figure 11: Structure of the main organic push-pull dyes used in DSPC. 

Together with the hydrophilici ty of the donor moiety, the use 

of hydrophobic alkyl chains on the π -spacers increases the 

stabil i ty. This hydrophobic barrier protects the carboxylic 

anchor group from hydrolysis and avoids dye agglomeration 

thereby limiting detrimental charge recombination reactions. 
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This effect was evident in AD418 (Figure 11), which exhibited 

a TON of 872 after 20 h with incredible stabil ity over time. 32 

On the other hand, the alkyl chains both on the donor moiety 

and on the π -spacer, like OB3 (Figure 11), reduced the 

performances of the device due to an excessive steri c bulk 

and poor interaction with the medium. 34 
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This section presents an innovative design used for organic 

dyes in DSPC which employ a calix[4]arene macrocycle in 

dibranched D-(π -A)2 dyes as the donor moiety. In this case, 

the calix[4]arene macrocycle acts as a scaffold and holds the 

two π -A branches on top of it at a fixed distance, avoiding 

the conjugation between them. These compounds have been 

optically and electrochemically characterized, and by comparing 

with a linear reference, we discovered that the macrocycle 

does not affect the optical properties of the compounds.  

However, the calix[4]arene dye exhibits a two-fold higher 

photocatalytic hydrogen production activity when compared 

with the linear benchmark. This result cannot be attributed to 

better optical properties since they present similar molar 

absorptivity as well as LHE. However, this could indicate the 

establishment of host-guest interactions between the macrocycle 

and the SED accelerate the charge transfer. This 

supramolecular interaction commonly occurs by the upper rim 

of the macrocycle. In this case , it faces the SC surface and 

therefore, the length of the branches determines the avai lable 

physical space for the insertion of the SED. In fact, Calix-

ThTh has the longest π -spacer in this series and shows the 

highest photocatalytic activity. On the other hand, any further 

functionalization on the π -spacers does not improve the activity 

of the mono-thiophene spacer compounds.  

This indicates that factors other than a high conjugation or a 

large optical absorption can influence the photocatalytic 

activity in DSPC. 
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Figure 12: Schematic representation of exploiting host -guest interaction 

between a sensitizer (baseball mitt) and the SED (baseball ball). 

3.1 Introduction 

In the last years, among the photosensitizers for DSPC, some 

interest has been given to the calixarenes -based dyes. 1 

Calixarenes are macrocycles composed of methylene -bridged 

phenol units. Due to their structure, they can host different 

small molecules and generate labile host -guest complexes which 

increase the charge transfer in the system. 2 They can also be 

scaffolds for the construction of molecular or supramolecular 

complex structures. 3 -6 Both of their rims can be functionalized 

and the addition of alkyl chains longer than ethyl to the lower 

rim will block the calix[4]arene in the cone structure. In this 

way, the functionalization added on the upper rim of the cone 

are oriented in the same direction and kept at a fixed distance 

imposed by the geometry of the cone. 7 Moreover, the presence 

of the methylene bridges avoids the conjugation among the 

different phenyl rings and branches. Hence, their optical 

properties should not change compared to the single phenyl 

ring functionalized with the same branch. To the best of my 

knowledge, in all the examples shown in the literature about 

DSPC, the calix[4]arene rings are embedded in the structure 
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of a D-π -A dye.1 Liu et al. presented Calix-3, a calix[4]arene 

scaffold functionalized with four terthiophene -spacers and four 

acrylic anchor groups (Figure 13).8 In this case, the 

calix[4]arene macrocycle embedded in a D-π -A structure 

replaces the donor moiety. This dye-sensitized system exhibited 

high performance even after cycling 10-times. The tetra-

branched structure promoted greater stabil i ty and a more 

effective injection into the MOF, which was used, in this case, 

in place of the SC. The performance of this dye was further 

compared to those of the linear analogous, namely M-3.9 Calix-

3 obtained hydrogen production 10-times higher than when the 

linear was used at a 4-times loading to match the light -

harvesting abil ity of Calix-3. It suggested that, although the 

two systems exhibited about the same optical properties, the 

Calix-3-sensitized device presented improved charge transfer in 

the global system. Moreover, Calix-3 was also used in 

combination with sol -gel-made TiO2 nanoparticles, where this 

micro/mesoporous structure provided a higher surface area , 

more catalytic active sites, and reflection. This Pt/TiO 2/Calix-

3 system was found to be very stable in long -term cycling 

and showed a TON of about 17 000 after 50 h of working.  

An alternative design was HO-TPA, where a calix[4]arene 

without any alkyl substitution on the hydroxyl groups of the 

lower rim was used as an anchor group for a triphenylamine -

based dye (Figure 13).10 In this case, the upper rim of the 

calix[4]arene was functionalized wi th four bithienyl -spacers 

topped with four triphenylamine donor moieties. The hydroxyl 

groups present on the lower rim were exploited as anchoring 

groups for TiO 2 nanoparticles. As in the other case, the dye -

sensitization was prepared by sol -gel synthesis, resulting in a 

highly stable linkage and a more efficient electron transfer 

between the dye and TiO2 . This system reached a TON of 6417 

in 75 h with recycl ing 15 times using triethanolamine (TEOA) 

as SED and maintained a general stable hydrogen production . 
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Figure 13: Chemical structures of the calix[4]arene -based dyes and the 

linear M-3 described in the text. 

Based on these works, we investigated a new series of 

calix[4]arene-based push-pull dyes for photocatalytic hydrogen 

production. We studied how the electronic and spatial 

properties of the dyes influenced the performance of the 

device. We chose Aeroxide TiO2 nanoparticles on which the Pt 

catalyst was deposited. Hence, the advantages of the 

micro/mesoporous structure examined before do not affect our 

system. We focused on the effects of the sensitization using 

calix[4]arene-based dyes versus linear ones. The purpose is to 

discover if the calix[4]arene scaffold could improve the 

photocatalytic activity due to its more rigid structure and the 

possibil ity of exploiting host -guest interaction with a suitable 

SED. 
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3.2 Design and synthesis of the dyes 

We chose to design different dibranched dyes, D-(π -A)2 , where 

a calix[4]arene macrocycle replaced the donor moiety and acted 

as a scaffold for the construction of the dyes. Propoxy groups 

functionalized the entire lower rim and blocked the dyes in 

the cone conformation, while just two positions of the upper 

rim were functionalized with two π -A branches. The anchor 

and acceptor groups were cyanoacrylic acids, while various 

π -spacers were used to investigate the different optical and 

electrochemical properties (Figure 14). The peculiar structure 

of the donor scaffold has been exploited to design a two -dye 

sensitizer in which the two D-π -A branches were not connected 

through a π -conjugated linkage.  

 

Figure 14: Investigated calix[4]arene-based dyes.  

The calix[4]arene dyes have been synthesized following a 

modified procedure reported in the literature. 11 The synthetic 

pathway started with a Clemmensen reduction of 5,17-diformyl-



 
48 

25,27-dipropoxycalix[4]arene 7 (1) to obtain the corresponding 

5,17-dimethyl-25,27-dipropoxycalix[4]arene (2). After the 

alkylation reaction with iodopropane and subsequent 

bromination with NBS, the 5,17-dibromo-11,23-dimethyl-

25,26,27,28-tetrapropoxycalix[4]arene (Calix-Br) has been 

obtained (Scheme 1). Calix-Br was the common intermediate to 

all the synthesized compounds. It was synthesized by the 

group of Prof. Baldini at the University of Parma and sen t to 

my research group. From Calix-Br, it was possible to obtain 

the aldehydic precursors for the last Knoevenagel 

condensation, following three different pathways of Suzuki -

Miyaura cross-coupling that added the different π -spacers 

(Scheme 2).  

 

Scheme 1: i) Zn, HCl, EtOH/toluene (1:1), reflux, 2 h; ii) NaH 60%, 

iodopropane, anhydrous DMF, rt, 12 h; iii) NBS, anhydrous DMF, rt, 

12 h. 

In the case of Calix-Th and Calix-ThTh, Calix-Br was subjected 

to a palladium-catalyzed coupling in the presence of (5-

formylthiophene-2-yl)boronic acid or 5'-formyl-2,2'-bithiophene-

5-boronic acid, respectively. Concerning Calix-TTh, Calix-Br was 

first subjected to a Suzuki-Miyaura cross-coupling with 

thieno[3,2-b]thiophene-2-boronic acid pinacol ester12 and then 

to a Vilsmeier-Haack formylation in the presence of N,N-

dimethylformamide and phosphorus(V) oxychloride in dry 

chloroform. In the end, for Calix-EDOT, Calix-Br was borylated 

by a Pd-catalyzed Miyaura borylation performed with 

bis(pinacolato)diboron in anhydrous N,N-dimethylformamide, 
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and then immediately submitted to a Suzuki-Miyaura coupling 

with 7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-

carbaldehyde. The cyanoacrylic acceptor group was added after 

a Knoevenagel condensation with cyanoacetic acid and 

piperidine to all aldehydic precursors. 

 

Scheme 2: ia) (5-formyl thiophene-2-yl)boronic acid, Pd(dppf)Cl 2 ·CH2Cl2, 

K2CO3, toluene/MeOH (1:1), microwave, 80 °C, 70 W, 90 min; ib) 5'-

formyl-2,2'-bithiophene-5-boronic acid, Pd(dppf)Cl2 ·CH2Cl2, K2CO3, 

toluene/MeOH (1:1), reflux, 6 h; ii) thieno[3,2-b]thiophene-2-boronic 

acid pinacol ester, Pd(dppf)Cl 2 ·CH2Cl2, K2CO3, toluene/MeOH (1:1), 

microwave, 100 °C, 70 W, 90 min; iii ) POCl3, anhydrous DMF, dry 

CHCl3, 70 °C, 8 h; iv) bis(pinacolato)diboron, Pd(dppf)Cl 2 ·CH2Cl2, 

anhydrous DMF, rt, 30 min, 200 °C, 2 h; v) 7-bromo-2,3-

dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde, Pd(dppf)Cl 2 ·CH2Cl2, 

K2CO3, toluene/MeOH (1:1), reflux, 6 h; vi) cyanoacetic acid, piperidine, 

dry CHCl3 or dry CH3CN/dry toluene (3:1), reflux 5–8 h. 

In the end, the linear dye corresponding to the best performing 

calix[4]arene dye was further synthesized (Scheme 3). The 
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first reaction was a Will iamson ether synthesis using 4-

bromophenol and 1-bromopropane in refluxed acetone for 12 h 

to achieve the 1-bromo-4-propoxybenzene (10). As in the other 

cases, the π -spacer was added following a palladium-catalyzed 

Suzuki-Miyaura protocol , using 5'-formyl-2,2'-bithiophene-5-

boronic acid in a mixture of toluene and methanol. Finally, 

Linear-ThTh was obtained after a common Knoevenagel 

condensation with cyanoacetic acid in chloroform that inserted 

the cyanoacrylic group. 

 

Scheme 3: i) 1-bromopropane, K2CO3, acetone, reflux, 12 h; ii) 5' -

formyl-2,2'-bithiophene-5-boronic acid, Pd(dppf)Cl2 ·CH2Cl2, K2CO3, 

toluene: MeOH (1:1), rt, 1 h, reflux, 3 h; iii) cyanoacetic acid, 

piperidine, dry CHCl3, reflux 5 h. 

All the investigated compounds have been characterized by 

their melting point, FT-IR spectroscopy, and HRMS. Their 

purity has been controlled via 1H and 13C NMR spectroscopy.  

3.3 Optical and electrochemical properties 

The most valuable characterization for a photosensitizer is 

optical characterization, which show the light-harvesting 

capabil ity of the compound. This characterization is followed 

by electrochemistry, which indicates if the dye can allow the 

correct charge transfer from the WOC to the SC. The main 
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optical and electrochemical parameters are report ed in Table 

1. The optical characterization of the calix[4]arene -based dyes 

was performed in 10 −5 M DMSO solutions. The absorption 

spectra normalized to the molar extinction coefficient are 

shown in Figure 15. All the dyes showed an intense absorption 

band in the visible region attributed to the intramolecular 

donor-to-acceptor charge-transfer (ICT) transition. As expected, 

the introduction of a more extended conjugation in the π -

spacers led to significant bathochromic effects, thus allowing 

a more efficient col lection of photons. The molar absorptivit ies 

range from 40000 (Calix-Th) to 46000 M−1 cm−1 (Calix-ThTh), 

whereas the Linear-ThTh reference is around 37400 M−1 cm−1. 

It is interesting to highlight that the molar extinction 

coefficient of the Calix-ThTh was less than the double of 

Linear-ThTh one, even if the former presented two-dye units 

in its structure. In Calix-EDOT, the alkoxy auxochrome groups 

on the thienyl ring shifted the absorption maximum of more 

than 30 nm to longer wavelengths than the bare Calix-Th.  

 

Figure 15: UV-Vis spectra in 10 - 5 DMSO solution of the investigated 

sensitizers. 



 
52 

Optical bandgaps were calculated by means of the Tauc plots 13 

and listed in Table 1 together with the oscil lator strengths. 

This last parameter indicates the probabil ity of the absorption 

of an electromagnetic radiation and was determined to 

investigate the light-harvesting capabil ities of the different 

compounds.14 The absorption quantitative capacity among the 

calix[4]arene dyes and the linear reference system was very 

similar. In fact, the oscil lator strength of Calix-ThTh (ƒ = 11.4 

D) was only 10% larger than that of the corresponding linear 

dye Linear-ThTh (ƒ = 10.1 D). 

Table 1: Optical and electrochemical parameters of investigated 

sensitizers in solution. 

Dye[a] 
λmax 
(nm) 

ε 
(M-1 cm-1) 

ƒ [b] 

(D) 

Egap
opt
 

(eV) 

Vox 

(V vs Fc) 

± 10 mV 

HOMO[c] 

(eV) 

± 0.05 eV 

LUMO[c] 

(eV) 

± 0.05 eV 

Linear-ThTh 454 
37 400 

± 500 
10.1 2.2 0.78 -6.01 -3.81 

Calix-Th 405 
40 000 

± 500 
9.1 2.4 0.96 -6.19 -3.79 

Calix-TTh 421 
41 200 

± 500 
10.5 2.1 0.82 -6.05 -3.95 

Calix-ThTh 455 
46 000 

± 1400 
11.4 2.2 0.71 -5.94 -3.74 

Calix-EDOT 437 
45 100 

± 350 
10.3 2.1 0.81 -6.04 -3.94 

[a] In DMSO. [b] Oscillator strength measured in the 300–800 nm range. [c] Fc/Fc+ = -5.23 

V vs vacuum.15  

The LHE of the dye/TiO 2/Pt system on thin films is shown in 

Figure 16. The width of the LHE changed according to the 

length of conjugation of the π -spacer. In Calix-ThTh and Linear-

ThTh, the LHE extended up to 600 nm with a peak of 60% 

at 455 nm, while in all the other cases, it barely reached 

550 nm. This result confirmed the similar light -harvesting 

capabil ity of Calix-ThTh and Linear-ThTh, highlighting that the 

presence of the calix[4]arene macrocycle did not influence the 
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optical properties of the compound, also due to the non -

conjugation between the two branches. 

 

Figure 16: LHE of the investigated compound adsorbed on a 3 -μm thick 

transparent TiO2+Pt film. 

The electrochemical parameters are listed in Table 1 as well. 

The compounds were electrochemically characterized using 

cyclic voltammetry (CV) and differential pulse vol tammetry 

(DPV) to evaluate the energetic levels from the oxidation and 

reduction potentials. 15 , 16 However, all the compounds presented 

an irreversible oxidation peak in the cyclic voltammetry profile 

between +0.7 and +1.2 V vs Fc/Fc +  complicated the designation 

of the energy levels (Figure 17), thus DPV was used instead 

(Figure 18).  
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Figure 17: CV of the compounds recorded in CH3CN TBABF4 0.1 M 

solution. 

 

Figure 18: DPV of the compounds recorded in CH3CN TBABF4 0.1 M 

solution. 

DPV isolates the different electrochemical processes 

determining the oxidation potentials and allows for calculating 

the HOMO energy levels from the current peak. The LUMO 
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levels have been derived from the electrochemical HOMO values 

and the optical bandgaps. Even though the HOMO energy levels 

are similar (~-6 eV), the different bandgaps determine the 

LUMO energies and affect the electron injection capabili ties  

into the Pt/TiO2 system. In Figure 19, the energy levels of 

the compounds are schematically compared with the titanium 

dioxide CB. As it is possible to see, Calix-TTh and Calix-EDOT 

presented a LUMO close to the TiO 2 CB. This could indicate a 

higher probabil i ty of back electron transfer reactions.  

 

Figure 19: Schematics of calculated energy levels (vs vacuum) of the 

investigated sensitizers in comparison with TiO 2 CB.  

3.4 Photocatalytic hydrogen evolution 

The dye-sensitized Pt/TiO2 photocatalysts were tested for H 2 

production under visible light irradiation (λ > 420 nm) in a 

TEOA/HCl aqueous buffer solution at pH = 7.0. The experiments 

have been performed by the groups of Prof. Fornasiero and 

Prof. Montini at the University of Trieste, adhering to the 

same conditions previously optimized for dibranched organic 

dye-based photocatalysts. 17 Measured H2 productions and H2 

production rate vs irradiation time are presented in Figure 20 

and in Figure 21, respectively. TON and LFE after 2 and 15 

h of irradiation are listed in Table 2. 
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Figure 20: H2 production measured in TEOA 10% v/v solution at pH 

7.0 using the dye/Pt/TiO 2 materials under irradiation with visible light 

(𝜆 > 420 nm). 

All photosystems showed an initial induction period (20 – 30 

minutes) before significant H2 production. This delay is 

attributed to the activation time of the photocatalysts and/or 

to a chromatographic effect within the dead volume of the 

photoreactor. After this time, all the photosystems showed a 

sharp increase in the H 2 production rate for an initial couple 

of hours, followed by a progressive decrease, until reaching a 

plateau after 6 – 8 hours of irradiation (Figure 21). All the 

photocatalysts showed a similar H 2 production except Calix-

ThTh, for which the H 2 evolution was significantly higher 

(Figure 20).  

The performances in photocatalytic H 2 production after 2 and 

15 hours are summarized in Table 2. The 2-hour set represents 

the activity of the materials close to the maximum H 2 

production rate, while the 15-hour one shows the overall 

performance of the photosystems after prolonged working 

conditions. These data highlight the higher performance of the 

Calix-ThTh dye with respect to the other calix[4]arene -based 
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dyes, showing both higher TON and LFE values throughout all 

experiments. For this sample, it was also possible to measure 

an AQY of 0.138% under irradiation at 450 nm. 

 

Figure 21: H2 production rates measured in TEOA 10% v/v solution at 

pH 7.0 using the dye/Pt/TiO2 materials under irradiation with visible 

light (𝜆 > 420 nm). 

Table 2: Photocatalytic performance of the dye/Pt/TiO 2 materials in H2 

production from TEOA 10% v/v solution at pH 7.0 under irradiation 

with visible light (𝜆 > 420 nm). 

Dye 

After 2 hours After 15 hours 

H2 amount 

(μmol g--1) 

TON 

(μmol(H2) 

μmol(dye)-1) 

LFE 

(%) 

H2 amount 

(μmol g-1) 

TON 

(μmol(H2) 

μmol(dye)-1) 

LFE 

(%) 

Linear-ThTh 435 43.5 0.061 1870 187.0 0.024 

Calix-Th 390 39.0 0.064 1502 150.2 0.015 

Calix-TTh 535 53.5 0.071 2008 200.8 0.028 

Calix-ThTh 810 81.0 0.103 3401 340.1 0.055 

Calix-EDOT 448 44.8 0.053 1550 155.0 0.016 
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Comparing with the corresponding linear dye Linear-ThTh, 

Calix-ThTh shows an about twice-higher peak in the hydrogen 

production rate. (ca. 525 𝜇mol g - 1 h - 1  vs ca. 275 𝜇mol g - 1 h -

1). This better behavior is not related to the optical properties 

of the molecules as they presented about the same molar 

absorptivity as well as LHE even if Calix-ThTh has two donor-

acceptor units.  

Literature evidence 18 - 20 suggest that a possible rationale for 

the improved performance of the calix [4]arene is the possibil ity 

of inducing host-guest interactions with protonated TEOA, thus 

favoring the charge transfer from the SED to the oxidized dye 

upon photoexcitation of the latter. The interaction of 

protonated amines with the calix[4]arene is reported to take 

place through the upper rim of the calix[4]arenes. Hence, the 

physical space between the macrocycle and the Pt/TiO 2 surface 

is crucial for hosting the SED. The relative activities of the 

calix[4]arene dyes followed the trend of the distances between 

the aromatic cavities and the carboxylic anchoring groups. 

Calix-ThTh, which has the longest π -spacer, showed higher 

photocatalytic activity than Calix-TTh, which in turn is better 

than the shortest Calix-Th and Calix-EDOT. The similar LHE 

behavior between Calix-ThTh and Linear-ThTh further supported 

this hypothesis, highlighting the importance of the different 

structural features on the photocatalytic performance. 

Moreover, these cal ix[4]arene-based compounds showed higher 

photocatalytic hydrogen production rates as well as AQY, under 

similar conditions than other dibranched dyes widely present 

in literature, like the phenothiazine-based ones.17 , 21 -23 This 

investigation promotes the beneficial effect of exploiting host -

guest interaction with the SED.  

In conclusion, a new series of calix[4]arene-based dyes has 

been investigated in photocatalytic application compared with 

a linear benchmark. All the new dyes have been optically and 
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electrochemically characterized and their purity has been 

checked by NMR. The photocatalytic studies highlighted the 

higher performance of the Calix-ThTh with the respect to the 

linear benchmark even if they both presented about the same 

optical properties and oscil lator strengths, despite the presence 

of two light-harvesting units in the calix[4]arene dyes. An 

analysis of the data and similar literature suggests that the 

increased photocatalytic activity could be related to the 

addition of host-guest interactions between the calix[4]arene 

macrocycle and the SED. This new molecular design paves the 

way to a new strategy for photocatalytic hydrogen production 

where the calix[4]arene scaffold can offer the po tential for 

host-guest supramolecular effects. More studies to investigate 

further the supramolecular interactions previously mentioned 

are currently in progress. 

3.5 Experimental section 

3.5.1 Electrochemical characterization 

Test solut ions were prepared by dissolving 2.0 mg of dye in the 

elec trolyte (0.1 M TBABF 4 in CH 3CN). DPV and CV were carr ied out 

at scan rate of 20 and 50 mV/s , respectively, us ing a Bio -Logi c SP-

240 potent ios ta t in three -elec trode elec trochemical cel l f lushed with 

Ar. The working, counter , and the pseudo -re ference elec trodes were an 

FTO glass , a Pt wire, and an Ag/Ag + elec trode in TBAP 0.1 M CH 3CN, 

respect ively. The Ag/Ag + pseudo-reference e lec trode was cal ibrated, by 

adding ferrocene (10 - 4 M) to the tes t solut ion after each measurement . 

Energy levels were calculated us ing the absolute value of 5.3 V vs . 

vacuum for the ferrocene reference couple.  

3.5.2 Preparation of Pt/TiO 2 nanocomposite 

The photocatalysts have been prepared using TiO 2 Aeroxide from Evonik, 

which replaces the wel l -known TiO 2 P25 from Degussa. The TiO 2 Aeroxide 

is a mixture of anatase/rut i le 60:40 by weight , with mean crystal l i te s ize 

around 20-25 nm (as determined by powder X -Ray Diffract ion) , a surface 

area of 49 m 2 g - 1 , a total pore volume of 0.258 cm 3 g - 1 and average pore 
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s ize of 20 nm (as determined by N 2 physisorpt ion at the l iquid nitrogen 

temperature). 

Deposi t ion of Pt nanopart ic les on TiO 2 Aeroxide was done through a 

photodeposi t ion method known in l i teratur e .2 4 - 2 7 32.7 mg of Pt(NO 3) 2 was 

dissolved in 400 mL of a solut ion of water/ethanol 1:1 by volume. 2.0 g 

of TiO 2 Aeroxide was suspended in the Pt solut ion to reach a final metal 

loading of 1.0 wt%. After st irr ing for 1 h in the dark, the suspension 

was irradiated with a 450 W medium pressure lamp for  4 h. The Pt/TiO 2 

nanocomposi tes were co l lected by centr i fugation, washed 3 times with EtOH 

and final ly dried under vacuum at 50 °C overnight. The photodeposi ted Pt 

nanopart ic les had a mean size of 1.3 nm (as determined by High Angle 

Annular Dark Field -Scanning Transmiss ion Electron Microscopy – HAADF-

STEM). 

3.5.3 Adsorption of dyes on Pt/TiO 2 

200 mg of Pt/TiO 2 nanocomposi te were suspended in 10 mL of EtOH under 

st irr ing. 2 mol of the dyes (the amount required to reach a loading of 

10 mol/g) were dissolved into 0.5 mL of DMSO and the solut ion added 

dropwise in the suspension. Adsorption of the dye was performed al lowing 

equi l ibrat ion of the suspension for 24 h in the dark. The obtained mater ials 

were recovered by centr i fugation , washed 2 times with 10 mL of EtOH 

each and dried under vacuum at room temperature overnight. UV -vis spectra 

of the solut ions after dye adsorption showed that the amount of res idual 

dyes is negl igible, conf irming the quanti tat ive adsorption of the dyes on 

Pt/TiO 2 .  

3.5.4 Photocatalytic hydrogen production 

The Dye/Pt/TiO 2 nanomater ials have been tested for H 2 product ion fol lowing 

a procedure previous ly descr ibed .2 8 Brief ly, the reactor is a home -made 

reactor with a stainless -s tel l body containing a Teflon beaker (volume of ~ 

120 mL). 60 mg of the Dye/Pt/TiO 2 was suspended into 60 mL of 10% v/v 

aqueous solut ion of TEOA neutral ized with HCl to reach a pH = 7.0 . The 

reactor is c lose with a quartz window (cut -off ~ 200 nm) and is connected 

to the gas distr ibut ion l ine. Inert gas (general ly Ar) is f lowed within th e 

reactor using a Mass Flow Control ler (Bruker).  After purging with Ar (15 

mL min − 1) for 30 min, the reactor containing the suspension is irradiated 

with a Solar Simulator (LOT -Or iel ) mounting a 150 W Xe lamp and some 

optical f i l ters , in order to better ad just the l ight beam to the des ired 

character is t ics . In this case, a cut -off f i l ter at  = 420 nm and a heat 

adsorbing fi l ter removing al l photon with  < 850 nm have been employed. 

Irradiance was ~ 6 × 10 − 3 W m − 2 in the UV-A range and ~ 1800 W m − 2 in 

the vis ible range (420 – 850 nm). The concentrat ion of H 2 in gas stream 
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coming from the reactor has been quanti f i ed using an Agi lent 7890 gas 

chromatograph equipped with a TCD detector , connected to a Carboxen 1010 

column (Supelco, 30 m × 0.53 mm ID, 30 μm fi lm) using Ar as carr ier . 

Notably, the amount of catalyst has been optimized fol lowing the indicat ions 

recently presented by Kisch and Bahnenmann 2 9  using the Cal ix -Th/Pt/TiO 2 

photocatalyst. 

In AQY experiments , 10 mg of photocatalyst were suspended in 10 mL of 

10% v/v aqueous solut ion of TEOA/HCl in a 20 mL head -space vial sealed 

with a gas - t ight cap. The vial was sonicated for 10 min and purged with 

Ar (15 mL min − 1) for 30 min. Then, the catalyst was irradiated using a 

150 W Xe lamp equipped with a Thorlabs 450 ± 40 nm bandpass fi l ter and 

H2 accumulated in the headspace volume of the vial for 15 h. In these 

condit ions, the l ight power was ~ 10.4 mW cm - 2 . The concentrat ion of H 2 

in the vial after 16 h of irradiat ion with monochromatic l ight was 

quanti f ied using an Agi lent 7890 gas chromatograph equipped with a TCD 

detector , connected to a MolSIEVE 5 Å column (Restek, 30 m × 0.53 mm 

ID, 30 µm fi lm) using Ar as carr ier . 250 L of He were injected in the 

vial before the analys i s as an internal standard. UV-vis spectra of the 

aqueous solut ions recovered at the end of the photocatalyt ic runs 

highl ighted that no desorption of the dyes took place during the 

experiments . 

3.5.6 Synthetic procedures 

NMR spectra were recorded with a Bruker Advance Neo and a Bruker 

Advance 400 spectrometers operat ing at 400 MHz ( 1H) and 100 MHz ( 1 3C). 

Coupl ing constants are given in Hz. Absorption spectra were recorded with 

a V-570 Jasco spectrophotometer. High resolut ion mass spectra  have been 

recorded with an Agi lent 6230B Time of Fl ight (TOF) equipped with an 

electrospray (Dual ESI) source. Flash chromatography was performed with 

Merck grade 9385 si l ica gel 230 –400 mesh (60 Å). React ions performed 

under inert atmosphere were done in oven-dr ied glassware and a nitrogen 

atmosphere was generated with Schlenk technique. Convers ion was 

monitored by thin - layer chromatography by us ing UV l ight (254 and 365 

nm) as a visual iz ing agent . Al l reagents were obtained from commercial 

suppl iers at the highest puri ty grade and used without further purif icat ion. 

Anhydrous solvents were purchased from commercial suppl iers and used as 

received. Extracts were dried with Na 2SO 4 and fi l tered before removal of 

the solvent by evaporat ion. 5,17 -di formyl -25,27-dipropoxycal ix[4]arene was 

synthes ized according to l i terature .7 

5,17-dimethyl -25,27-dipropoxycal ix[4 ]arene (2) : To a solut ion of 5,17 -

di formyl -25,27-dipropoxycal ix[4]arene 1 (3.55 g, 6.29 mmol) in 100 mL of 

a 1:1 mixture of toluene and ethanol were added zinc (18.12 g, 275 mmol) 
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and, dropwise , HCl 37% (25 mL). The react ion was ref luxed for 2 h and 

checked by TLC (hexane -ethyl acetate , 1:1 , v/v). The zinc was then 

decanted off , the organic phase was washed with water (3 × 150 mL) and 

the solvent evaporated to dryness. The yel low sol id (3.11 g, 5.79 mmol) 

obtained in 93% yield did not need further purif icat ion. m.p. 230 °C. 1H 

NMR (400 MHz, CDCl 3) : δ 8.11 (s, 2H), 6.96 (d, J = 7.6 Hz, 4H), 6.87 

(s, 4H), 6.78 (t, J = 7.6 Hz, 2H), 4.32 (d, J = 12.8 Hz, 4H), 3.99 (t, J 

= 6.4 Hz, 4H) , 3.34 (d, J = 12.8 Hz, 4H), 2.22 (s, 6H), 2.09 (sextet , J = 

6.8 Hz, 4H), 1.32 (t, J = 7.2 Hz, 6H). 1 3C NMR (100 MHz, CDCl 3) : δ 

152.0, 150.9, 133.8, 128.9, 128.8, 128.0, 127.8, 125.2, 78.3, 31.4, 23.5, 

20.5, 10.9 . 

5,17-dimethyl -25,26,27,28 -tetrapropoxycal ix[4 ]arene (3) : To a solut ion of 

5,17-dimethyl -25,27-dipropoxycal ix[4 ]arene 2 (3.11 g, 5.79 mmol) in 

anhydrous DMF (130 mL) under nitrogen atmosphere were  added NaH 60% 

(2.23 g, 32.1 mmol) and iodopropane (4.52 mL, 46.3 mmol). The mixture 

was st irred at room temperature overnight and the react ion checked by 

TLC (hexane-ethyl acetate, 9:1, v/v). Addit ion of HCl 1 M (100 mL) 

resul ted in the prec ipi tat ion of the product that was fi l tered and purif ied 

by tr i turat ion in hexane obtaining a white sol id (3.48 g, 5.61 mmol) in 

97% yield. m.p. 189-190 °C. 1H NMR (400 MHz, CDCl 3) : δ 6.58 (m, 6H), 

6.53 (s, 4H), 4.45 (d,  J = 13.6 Hz, 4H), 3.86 (t, J = 7.6 Hz, 8H), 3.13 

(d, J = 13.6 Hz, 4H) , 2.11 (s, 6H), 1.95 (sextet , J = 7.6 Hz, 8H) , 0.99 -

1.05 (m, 12H) . 1 3C NMR (100 MHz, CDCl 3) : δ 156.4, 154.7 , 135.0, 134.9, 

130.7, 128.8, 128.0, 121.9, 76.7, 31.0, 23.3 , 23.2, 20.8, 10.4, 10.3 .  

5,17-dibromo-11,23-dimethyl -25,26,27,28-tetrapropoxycal ix[4 ]arene (Cal ix -

Br): To a solut ion of 5,17 -dimethyl -25,26,27,28 -tetrapropoxycal ix[4]arene 3 

(2.53 g, 4.07 mmol) in anhydrous DMF (90 mL) under nitrogen atmosphere 

was added N-bromosucc inimide (1.45 g, 8.14 mmol). The mixture was 

st irred at room temperature overnight and the react ion checked by TLC 

(hexane-DCM, 8:2, v/v) . Addit i on of HCl 0.1 M (100 mL) resul ted in the 

prec ipi tat ion of the product that was fi l tered and purif ied by crystal l izat ion 

in DCM-methanol obtaining a whi te sol id (0.69 g, 0.89 mmol) in 21% yield. 

m.p. 243-245 °C . 1H NMR (400 MHz, CDCl 3) : δ 6.75 (s, 4H), 6.54 (s, 4H), 

4.39 (d, J = 13.6 Hz, 4H), 3.80 -3 .87 (m, 8H) , 3.08 (d, J = 13.6 Hz, 4H), 

2.15 (s, 6H), 1.89 -1 .95 (m, 8H), 0.96 -1.04 (m, 12H). 1 3C NMR (100 MHz, 

CDCl 3) : δ 155.5, 154.5 , 137.0, 134.2, 131.4, 130.6, 129.0, 114.7, 76.9, 

76.8, 30.9, 23.2, 23.1 , 20.8, 10.3, 10.2.  

Cal ix -Th-CHO (6) : Cal ix -Br (122 mg, 0.16 mmol) and Pd(dppf)Cl 2 ·CH 2Cl 2 (13 

mg, 0.016 mmol) were dissolved in dry toluene 2.5 mL and st irred for 15 

min under nitrogen atmosphere . Then (5 -formyl thiophene -2-yl)boronic ac id 

(59 mg, 0.38 mmol) and methanol (2.5 mL) were added and the solut ion 
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was st irred for 15 min under nitrogen atmosphere. In the end, K 2CO 3 (220 

mg, 1.6 mmol) was added to the solut ion and the react ion was performed 

with microwave irradiat ion (80 °C, 70 W, 90 min) and then quenched by 

pouring into a saturated solut ion of NH 4Cl (40 mL) and AcOEt (40 mL). 

Fi l trat ion on Cel i te and extract ions with organic solvent al lowed to isolate 

the crude product, subsequently purif ied through column chromatography 

on si l ica gel (n-heptane/AcOEt, 4:1) . The des i red product was isolated as 

a l ight -yel low sol id (40 mg, 0.48 mmol) wi th 30% yield. 1H NMR (400 

MHz, CDCl 3) δ 9.63 (s, 2H), 7.33 (d, J = 4.0 Hz, 2H) , 6.78 (s, 4H), 6.73 

(d, J = 4.0 Hz, 2H), 6.63 (s, 4H), 4.43 (d, J = 13.4 Hz, 4H) , 3.94 (dd, 

J = 8.9 , 7.1 Hz, 4H), 3.76 (t, J = 7.0 Hz, 4H), 3.12 (d, J = 13.4 Hz, 

4H), 2.28 (s, 6H), 1.99 – 1.83 (m, 8H), 1.06 (t, J = 7.4 Hz, 6H), 0.93 

(t, J = 7.5 Hz, 6H) . 

Cal ix -Th: Cal ix -Th-CHO (43 mg, 0.05 mmol) , cyanoacet ic ac id (43 mg, 0.5 

mmol) , and piper idine (51 mg, 0.6 mmol) were dissolved in 4 mL of a 

mixture of dry CH 3CN and dry toluene (3 :1) and warmed to ref lux for 5 

h. After having the solvent evaporated, 10 mL of a solut ion of HCl 10% 

was added and the mixture was left under magnetic st irr ing for 2 h at 

room temperature. The aqueous phase was extracted with CH 2Cl 2  and the 

organic layers dried . The solvent was evaporated , and the product was 

obtained as a dark red sol id (36 mg, 0.04 mmol , 80%). mp 219-220 °C (d) 

FT-IR /(cm - 1) : 2961, 2923, 2872, 2216, 1690 (strong), 1573 (strong), 

1413 (strong), 1216 (strong), 1070. 1H NMR (400 MHz, DMSO) δ 8.18 (s, 

2H), 7.60 (d, J = 4.0 Hz, 2H) , 6.97 (d, J = 4.0 Hz, 2H), 6.81 (s, 4H), 

6.71 (s, 4H), 4.33 (d, J = 13.2 Hz, 4H), 3.89 – 3.82 (m, 4H), 3.79 (t, J 

= 7.0 Hz, 4H) , 3.22 (d, J = 13.3 Hz, 4H) , 2.13 (s, 6H), 1.96 – 1.80 (m, 

8H), 1.03 (t, J = 7.4 Hz, 6H) , 0.96 (t, J = 7.4 Hz, 6H) . 1 3C NMR (101 

MHz, DMSO) δ 164.12, 157.80, 154.72, 154.57, 146.60, 141.07, 135.69, 

134.80, 133.95, 131.24, 129.38 , 126.58, 126.18, 123.53, 116.91, 97.80, 

76.94, 76.69, 30.51, 23.39, 23.13, 20.82, 10.82, 10.55. HRMS (Dual -ESI) 

m/z: [M-H + ] - calcd for C 5 8H5 8N2O 8S2 , 973.3562; found 973.3563. Δ(ppm) = 

0.10.  

Cal ix -TTh1 (4) : Cal ix -Br (250 mg, 0.32 mmol) and Pd(dppf)Cl 2 ·CH 2Cl 2 (26 

mg, 0.03 mmol) were dissolved in toluene 2.5 mL and st irred for 15 min 

under nitrogen atmosphere. Then thieno[3,2 -b]thiophene-2-boronic ac id (141 

mg, 0.77 mmol) and methanol (2 .5 mL) were added and the solut i on was 

st irred for 15 min under nitrogen atmosphere . In the end, K 2CO 3 (442 mg, 

3.2 mmol) was added to the solut ion and the react ion was performed with 

microwave irradiat ion (100 °C, 70 W, 90 min) and then quenched by 

pouring into a saturated solut ion of NH4Cl (40 mL) and AcOEt (40 mL). 

Fi l trat ion on Cel i te and extract ions with organic solvent al lowed to isolate 

the crude product, which was dried on sodium sulfate and, then purif ied 
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through column chromatography on si l ica gel ( n-heptane/AcOEt, 95:5). The 

des ired product was isolated as a l ight -yel low sol id (110 mg, 0.12 mmol) 

with 38% yield. 1H NMR (400 MHz, CDCl 3) δ 7.21 (dd, J = 2.9, 2.3 Hz, 

4H), 7.10 – 7.03 (m, 6H), 6.35 (s, 4H), 4.45 (d, J = 13.2 Hz, 4H) , 4.00 

– 3.89 (m, 4H), 3.79 (t , J = 7.3 Hz, 4H), 3.15 (d, J = 13.3 Hz, 4H), 2.02 

– 1.85 (m, 14H), 1.04 (t, J = 7.4 Hz, 6H) , 0.97 (t, J = 7.5 Hz, 6H) . 

Cal ix -TTh-CHO (7) : Dist i l led POCl 3 (184 mg, 1.2 mmol) was added dropwise 

to anhydrous DMF (88 mg, 1.2 mmol) at -5 °C under nitrogen atmosphere; 

at the end of the addit ion a white sol id formed, that, after 30 min, was 

dissolved in dry CHCl 3 (3 mL). Product 4 (110 mg, 0.12 mmol) was 

dissolved in 12 mL of dry CHCl 3 , was added and the mixture warmed at 

70 °C for 8 h. The solut ion was quenched by pouring i t into a solut ion of 

K2CO 3 (30 mL) and the mixture was extracted with CH 2Cl 2 (2 × 20 mL), 

the organic phases were combined, washed with water, and dried. 

Purif icat ion through fi l trat ion on si l ica gel , f irst with PE/CH2Cl 2 (9:1) and 

then with PE/AcOEt 1:1 as eluent, gave the product as a yel l ow sol id in 

65% yield (75 mg, 0.08 mmol). 1H NMR (400 MHz, CDCl 3) δ 9.67 (s, 2H), 

7.36 (s, 2H), 6.88 (s, 4H), 6.78 (s, 2H), 6.54 (s, 4H), 4.45 (d, J = 13.3 

Hz, 4H), 3.97 (dd, J = 9.0, 7.2 Hz, 4H), 3.74 (t, J = 7.0 Hz, 4H), 3.13 

(d, J = 13.4 Hz, 4H), 2.36 (s, 6H), 2.03 – 1.79 (m, 8H), 1.08 (t, J = 7.4 

Hz, 6H), 0.93 (t, J = 7.5 Hz, 6H) . 

Cal ix -TTh: 7 (75 mg, 0.08 mmol) , cyanoacet i c ac id (76 mg, 0.89 mmol) , 

and piper idine (91 mg, 1.07 mmol) were dissolved in 12 mL dry CHCl 3 

and warmed to ref lux for 8 h. After having the solvent evaporated, 30 

mL of a solut ion of HCl 10% was added and the mixture was left under 

magnetic st irr ing for 2 h at room temperature. The sol id that prec ipi tated , 

was fi l tered, and washed with water . The product was isolated as a dark 

orange sol id (65 mg, 0.06 mmol) with 75% yield. mp 229-231 °C (d) FT-

IR /(cm - 1) : 2962, 2924, 2873, 2218, 1690 (strong), 1572 (strong), 1413 

(strong), 1218 (strong) , 1070. 1H NMR (400 MHz, CDCl 3) δ 8.14 (s, 2H), 

7.50 (s, 2H), 7.06 (s, 4H), 6.52 (s, 2H), 6.39 (s, 4H), 4.45 (d, J = 13.3 

Hz, 4H), 4.06 – 3.95 (m, 4H), 3.68 (t, J = 6.7 Hz, 4H), 3.13 (d, J = 13.5 

Hz, 4H) , 2.49 (s, 6H), 1.94 -1.82 (m, 8H) , 1.12 (t, J = 7.4 Hz, 6H), 0.90 

(t, J = 7.5 Hz, 6H). HRMS (Dual -ESI) m/z: [M-H + ] - calcd for C 6 2H5 8N2O 8S4 , 

1085.3003; found 1085.2982, Δ(ppm) = 1.93. 1 3C NMR spectrum was not 

recorded due to low solubi l i ty of the compound.  

Cal ix -ThTh-CHO (8) : Cal ix -Br (121 mg, 0.16 mmol) , dissolved in toluene (5 

mL), 5' - formyl -2,2' -bi thiophene-5-boronic ac id (91 mg, 0.38 mmol) , 

Pd(dppf)Cl 2 (13 mg, 0.016 mmol) , K 2CO 3 (220 mg, 1.6 mmol) were added 

to a flask under nitrogen atmosphere, and then methanol (5 mL) was 

added. The react ion mixture was st irred at room temperature for about 10 
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min and then ref luxed for 6 hours. After complet ion of the react ion as 

monitored by TLC, the mixture was quen ched by pouring into a saturated 

solut ion of NH 4Cl (30 mL) and CH 2Cl 2 (30 mL). Fi l trat ion on Cel i te and 

extract ions with organic solvent al lowed to iso late the crude product, then 

purif ied through column chromatography on si l ica gel ( n-heptane/AcOEt, 

3:2). The des ired product was isolated as a l ight -yel low sol id (53 mg, 0.05 

mmol) with 31% yield. 1H NMR (400 MHz, CDCl 3) δ 9.76 (s, 2H), 7.50 (d, 

J = 4.0 Hz, 2H), 6.97 (d, J = 4.0 Hz, 2H), 6.91 (d, J = 3.8 Hz, 2H), 6.74 

(s, 4H), 6.65 (s, 4H), 6.60 (d, J = 3.8 Hz, 2H), 4.44 (d, J = 13.3 Hz, 

4H), 3.92 (dd, J = 8.5, 7.2 Hz, 4H), 3.79 (t, J = 7.2 Hz, 4H), 3.13 (d, J 

= 13.4 Hz, 4H), 2.25 (s, 6H), 2.02 – 1.84 (m, 8H), 1.05 (t, J = 7.4 Hz, 

6H), 0.96 (t, J = 7.5 Hz, 6H) . 

Cal ix -ThTh: 8 (53 mg, 0.05 mmol) , cyanoacet ic ac id (54 mg, 0.64 mmol) , 

and piper idine (0.8 mL, 11.3 mmol) were dissolved in 8 mL of a mixture 

of dry toluene and dry acetoni tr i le (1 :3) and warmed to ref lux for 5 h. 

After having the solvent evaporated, a solut ion of HCl 10% was added and 

the mixture was lef t under magnetic st irr ing for 1 h at room temperature. 

The sol id that prec ipi tated , was fi l tered, and washed with water. The 

des ired product was isolated as a red sol id (30 mg, 0.03 mmol) with 53% 

yield. mp 243-244 °C (d) FT-IR /(cm - 1) : 2959, 2923, 2872, 2212, 1703 

(weak), 1579 (strong), 1436 (strong), 1211 (strong), 791 (strong).  1H 

NMR (400 MHz, DMSO) δ 8.30 (s, 2H) , 7.75 (d, J = 3.9 Hz, 2H) , 7.25 (d, 

J = 4.0 Hz, 2H), 7.21 (d, J = 3.8 Hz, 2H), 6.88 (d, J = 3.6 Hz, 2H), 6.81 

(s, 4H), 6.69 (s, 4H) , 4.34 (d, J = 13.0 Hz, 4H), 3.88 – 3.73 (m, 8H), 

3.20 (d, J = 13.3 Hz, 4H), 2.12 (s, 6H) , 1.88 (dt, J = 14.0, 7.1 Hz, 8H), 

1.02 (t, J = 7.4 Hz, 6H), 0.96 (t, J = 7.4 Hz, 6H). HRMS (Dual -ESI) m/z: 

[M-H + ] - calcd for C 6 6H 6 2N2O 8S4 , 1137.3316; found 1137.3311, Δ(ppm) = 0.44. 

1 3C NMR spectrum was not recorded due to low solubi l i ty of the compound.  

Cal ix -boronic ac id pinacol ester (5) : Cal ix -Br (500 mg, 0.64 mmol) was 

dissolved in anhydrous DMF 10 mL and st irred for 15 min under nitrogen 

atmosphere . Then bis (pinacolato)diboron (490 mg, 1.93 mmol) and 

Pd(dppf)Cl 2 ·CH 2Cl 2 (52 mg, 0.06 mmol) were dissolved in others 10 mL of 

anhydrous DMF and added to the solut ion, and it was st irred for 15 min 

under nitrogen atmosphere. In the end, AcOK (377 mg, 3.84 mmol) was 

added to the solut ion and the react ion was heated at ref lux for 2 h. It 

was quenched by pouring into a saturated solut ion of NH 4Cl (40 mL) and 

Et2O (40 mL). Fi l trat ion on Cel i te and extract ions  with organic solvent 

al lowed to isolate the crude product which was dried on sodium sulfate . 

After fi l trat ion, the crude product was a st icky l iquid that was used for 

the fol lowing cross -coupl ing step without any further purif icat ion.  
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Cal ix -EDOT-CHO (9): 7-bromo-2,3-dihydrothieno[3,4 -b ] [1 ,4]dioxine -5-

carbaldehyde (90 mg, 0.36 mmol) was dissolved in toluene (5 mL) and 

st irred for 15 min under nitrogen atmosphere. Then 5 (131 mg, 0.15 mmol) 

and Pd(dppf)Cl 2 ·CH 2Cl 2 (13 mg, 0.015 mmol) were added as suspen sion in 

methanol (5 mL) . In the end, K 2CO 3 (207 mg, 1.5 mmol) was added to the 

solut ion and the react ion was heated to ref lux for 6 h and then quenched 

by pouring into mixture of a saturated solut ion of NH 4Cl (50 mL) and 

AcOEt (40 mL). Fi l trat ion on Cel i te and extract ions with organic solvent 

al lowed to isolate the crude product, then dried, f i l tered, and purif ied 

through column chromatography on si l ica gel (f irst CH 2Cl 2/PE 9:1, then 

CH2Cl 2 and in the end AcOEt). The des ired product was isolated as a yel low  

sol id (71 mg, 0.074 mmol) with 49% yield. 1H NMR (400 MHz, CDCl 3) δ 

9.72 (s, 2H), 6.88 (s, 4H), 6.73 (s, 4H), 4.38 (d, J = 13.3 Hz, 4H), 4.20 

(dd, J = 9.6 , 5.2 Hz, 8H), 3.93 (dd, J = 9.1 , 7.1 Hz, 4H) , 3.66 (t , J = 

6.8 Hz, 4H), 3.07 (d, J = 13.3 Hz, 4H), 2 .34 (s, 6H), 2.00 – 1.81 (m, 

8H), 1.05 (t, J = 7.4 Hz, 6H), 0.88 (t, J = 7.5 Hz, 6H) . 

Cal ix -EDOT: 9 (71 mg, 0.07 mmol) , cyanoacet ic ac id (59 mg, 0.7 mmol) , 

and piper idine (71 mg, 0.84 mmol) were dissolved in in 8 mL of a mixture 

of dry CH 3CN and dry toluene (3:1) and warmed to ref lux for 6 h. After 

having the solvent evaporated, 10 mL of a so lut ion of HCl 10% was added 

and the mixture was left under magnetic st irr ing for 3 h at room 

temperature. The sol id that prec ipi tated, was fi l tered , and washed with 

water. The product was isolated as a dark red sol id (24 mg, 0.02 mmol) 

with 30% yield. mp 221-223 °C (d) FT-IR /(cm - 1) : 2961, 2926, 2874, 

2209, 1697 (strong), 1572 (strong), 1445 (strong), 1221 (strong), 1104 

(weak), 1071. 1H NMR (400 MHz, DMSO) δ 7.93 (s, 2H), 6.90 (s, 4H), 

6.72 (s, 4H) , 4.32 (t , J = 9.7 Hz, 12H), 3.95 – 3.83 (m, 4H), 3.68 (t, J 

= 6.6 Hz, 4H) , 3.15 (d, J = 13.3 Hz, 4H) , 2.28 (s, 6H), 2.01 – 1.86 (m, 

8H), 1.08 (t , J = 7.4 Hz, 6H), 0.91 (t , J = 7.5 Hz, 6H) . HRMS (Dual -ESI) 

m/z: [M-H + ] - calcd for C 6 2H6 2N2O 1 2S2 , 1089.3671; found 1089.3670, Δ = 0.09. 

[M-H + -CO 2 ] - = calcd for C 6 1H6 2N2O 1 0S2 , 1045.3773; found 1045.3762, Δ(ppm) = 

0.86. [M-H + -2CO 2 ] - = calcd for C 6 0H6 2N2O 8S2 , 1001.3875; found 1001.3856, 

Δ(ppm) = 1.89. 1 3C NMR spectrum was not recorded due to low solubi l i ty 

of the compound.  

1-bromo-4-propoxybenzene (10) : A solut ion of 1 -bromopropane (860 mg, 

6.93 mmol) in acetone (2 mL) was added dropwise to a st irred mixture of 

4-bromophenol (1 .01 g, 5.78 mmol) and potass ium carbonate (4.0 g, 28.9 

mmol) in acetone (40 mL). The st irred mixture was heated under ref lux 

for 12 h. The potass ium carbonate was fi l tered off and the fi l ter was 

washed with acetone, water was added to the fi l trate and the product was 

extracted into diethyl ether (twice) . The combined ethereal extracts were 

washed with water, 10% sodium hydroxide solu t ion (twice) , water and dried 



 
67 

over Na 2SO 4 . The solvent was removed in vacuum to yield a l ight -yel low 

l iquid (800 mg, 3.25 mmol , 70%). 1H NMR (400 MHz, CDCl 3) δ 7.33 (d, J 

= 9.1 Hz, 2H), 6.75 (d, J = 9.1 Hz, 2H), 3.85 (t, J = 6.6 Hz, 2H), 1.87 

– 1.65 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H) . 

5' - (4-propoxyphenyl) - [2,2' - bi thiophene] -5-carbaldehyde (11) : 10 (150 mg, 

0.70 mmol) , dissolved in toluene (5 mL), 5' - formyl -2,2' -bi thiophene-5-

boronic ac id (338 mg, 1.40 mmol) , Pd(dppf)Cl 2 (285 mg, 0.35 mmol) , K 2CO 3 

(2.0 g, 14.0 mmol) were added to a flask under nitrogen atmosphere, and 

then methanol (5 mL) was added. The react ion mixture was degassed with 

N2 at room temperature for about 60 min and then ref luxed for 3 hours. 

After complet ion of the react ion as monit ored by TLC, the mixture was 

quenched by pouring into a saturated solut ion of NH 4Cl (30 mL) and CH 2Cl 2 

(30 mL). Fi l trat ion on Cel i te and extract ions with organic solvent al lowed 

to isolate the crude product, then purif ied through column chromatography 

on s i l ica gel (n-heptane/AcOEt - 4:1). The des ired product was isolated as 

a l ight -yel low sol id (100 mg, 0.31 mmol) with 44% yield.  1H NMR (400 

MHz, CDCl 3) δ 9.86 (s, 1H), 7.67 (d, J = 3.8 Hz, 1H), 7.53 (d, J = 8.7 

Hz, 2H), 7.31 (d, J = 3.8 Hz, 1H), 7.23 (d, J = 3.5 Hz, 1H), 7.15 (d, J 

= 3.7 Hz, 1H), 6.92 (d, J = 8.7 Hz, 2H), 3.96 (t, J = 6.6 Hz, 2H), 1.83 

(dd, J = 14.1, 6.8 Hz, 2H), 1.05 (t, J = 7.4 Hz, 3H) . 

2-cyano-3-(5' - (4-propoxyphenyl) - [2,2' - bi thiophen] -5-yl)acryl ic acid (Linear 

ThTh) : 11 (100 mg, 0.31 mmol) , cyanoacet ic ac id (130 mg, 1.52 mmol) , 

and piper idine (0.18 mL, 1.8 mmol) were dissolved in 10 mL of dry CHCl 3 

and warmed to ref lux for 5 h. After having the solvent evaporated, a 

solut ion of HCl 10% was added and the mixture was left under magnetic 

st irr ing for 1 h at room temperature. The brown sol id that prec ipi tated , 

was fi l tered , and washed with water . Then, i t was washed with CHCl 3 and 

fi l tered again. The des ired product was isolated as a red sol id (60 mg, 

0.15 mmol) with 49% yield. mp 168 -169 °C (d) FT-IR /(cm - 1) : 3072, 2963, 

2937, 2871, 2214, 1665 (strong), 1567 (strong), 1411 (strong), 1210 

(strong), 797 (strong) . 1H NMR (400 MHz, DMSO) δ 8.48 (s, 1H), 7.98 (d, 

J = 4.1 Hz, 1H), 7.65 (d, J = 8.7 Hz, 2H), 7.61 (d, J = 3.9 Hz, 1H), 7.58 

(d, J = 4.0 Hz, 1H), 7.48 (d, J = 3.9 Hz, 1H) , 7.00 (d, J = 8.8 Hz, 2H), 

3.98 (t, J = 6.5 Hz, 2H), 1.75 (dd, J = 14.0, 6.9 Hz, 2H), 0.99 (t, J = 

7.4 Hz, 3H) . 1 3C NMR (101 MHz, DMSO) δ 164.10, 159.48, 146.64, 146.20, 

146.05, 141.93, 134 .16, 133.38, 128.79, 127.42, 125.76, 125.12, 124.62, 

117.16, 115.61, 98.60, 69.59, 22.46, 10.83. HRMS (Dual -ESI) m/z: [M-H + ] - 

calcd for C 2 1H1 7NO 3S2 , 394.0577; found 394.0571, Δ(ppm) = 1.52. [M-H + -

CO 2 ] - = calcd for C 2 0H 1 7NO 1S2 , 350.0679; found 350.0682, Δ(ppm) = 0.86.  
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4.1 General aspects 

PEC is the other device able to mimic the first step of natural 

photosynthesis which is the solar -driven water splitting. Unlike 

PC, a PEC is a device capable of converting solar radiation 

into energy carriers through electrochemical processes , and in 

addition to chemical energy, it can produce electricity 

simultaneously.1 The first example reported in the literature 

of photogenerated water splitting is a pioneering PEC made by 

Honda and Fujishima in 1972. 2 It was composed of a titanium 

dioxide-based photoactive anode and a platinum black cathode. 

Even if this device achieved a low efficiency, it laid the basis 

for future developments and studies in this direction.  In a 

PEC, anode and cathode are connected through an external 

circuit and immersed in two different half -cells fil led with an 

aqueous medium. To collect the solar radiation, anode and 

cathode are made by n- or p-type SC respectively and in this 

case, they are called photoelectrodes. 3 Depending on the 

photoactive electrode(s), a PEC can be set up in three different 

ways: a photoanode and a passive cathode, a photocathode 

and a passive anode, or both a photoanode and a photocathode 

(Figure 22). The last set-up, called tandem PEC, is the most 

attractive since it allows for collection of a wider solar 

spectrum, and it is the closest to natural photosynthesis since 

the device can absorb two photons and thus excite two 

electrons at one time. A tandem PEC could reach a theoretical 

solar-to-hydrogen conversion efficiency of 15%. 4  

Some examples of PECs made by pure SCs can absorb visible 

light, generate the electron/hole couple, and have the CB or 

the VB at the right potential to drive the water oxidation or 
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the proton reduction (Figure 7). The most used SCs in these 

types of PECs are metal oxides and oxynitrides for the 

photoanode, like WO 3 , Fe2O3 , TaON, LaTiO 2N and p-type 

chalcogenides and metal oxides for the photocathode, like CdTe, 

CuIn1 -xGaxSe2 , p-Cu2O.4 -14 However, their efficiency is stil l below 

the threshold for commercial application. Some examples of 

PEC using a mixture of indium phosphate or gallium arsenide 

overcame that threshold, but they suffer from high instabil ity 

and the use of precious non-abundant metals.15 - 17 

 

Figure 22: Examples of PEC structures. a) tandem PEC with a 

photoanode and a photocathode; b) PEC with a photoanode and a 

passive platinum cathode; c) PEC with a photocathode and a passive 

platinum anode. 

An innovative approach for these systems can be a hybrid 

design in which the SCs with large band gaps are sensitized 

with dyes and coupled with a WOC and/or an HEC. Dyes and 

catalysts are required to increase the light-harvesting of the 

device and to accelerate the water -splitting reactions, 

respectively. In this way, dye-sensitized PEC (DSPEC) are 

defined. 1 The non-toxic nature of TiO2 , along with its low cost, 

chemical stabil ity, abundance, ease of dye-sensitization, and 

the positions of its energy levels make it the most popular 

SC for a DSPEC anode, even if it presents a high charge 
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recombination rate. 18 The most common p-SC used for DSPEC 

cathodes is NiO. 19 NiO is a mixed-valence SC consisting of Ni2 + 

and Ni 3 + states. It has a quite wide bandgap (about 3.6 -4 eV), 

thus it cannot compete with the dye for the light absorption. 

It has good thermal and chemical stabil ity, and it is easily 

synthesized in the form of nanoparticles at reasonably low 

temperatures. 20 -22 It is a good electron-donor for many 

sensitizers since the potential of its VB is 0.47 V vs NHE at 

pH 7. However, it has very low charge mobility, which favors 

recombination phenomena, lowering the cell performance. 22 To 

overcome these drawbacks, other better-performing SC are 

under investigation, like copper-based oxides with a delafoxitic 

structure as CuGaO2
15 - 17 , CuAlO2

23 , 24 and CuCrO2
25 , that present 

a wider band-gap and better charge mobili ty.  

The sensitization of the surface plays a central role because 

the dye is the strategic light -harvesting component of the 

photodevice. This sensitizer should be stable over long term 

irradiation, adsorb a large portion of the visible spectrum, 

and guarantee a fast charge transfer to the SC while avoiding 

charge recombination reactions that might reduce its 

efficiency.1 The sensitizers absorb light and move to an excited 

state, generating an electron/hole couple. In the anode, the 

excited electrons are transferred to the n-SC CB and then into 

the p-SC VB in the cathode through the external circuit, while 

in the cathode the excited electrons are used by the HEC to 

evolve hydrogen. In the end, the WOC and the p-SC VB 

regenerate the oxidized dyes (Figure 23).  
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Figure 23: Scheme of the energy levels in a tandem DSPEC. Image 

from Ref 26. 

A DSPEC is the closest device to the Z-scheme of natural 

photosynthesis. The photosensitizers absorb the photons and 

the excited electrons like the P680 and P700 dyes present in 

the PS II and PS I, respectively. The SC and the external 

circuit act as the proton-coupled electron transfer chain, and 

finally, the WOC and the HEC substitute the oxygen-evolving 

CaMn4 center and the binuclear metal clusters of the 

hydrogenase to evolve the gases. Water oxidation is a four-

electron, multi -atomic, thermodynamic energy demanding, and 

kinetically hampered process with a high activation barrier.  

Therefore, the catalytic site needs time (on the order of 

mill iseconds) to accumulate four holes to oxidize water, while 

the charge recombination reactions occur on a submill isecond 

time scale. Because of the fast kinetics of charge 

recombination, which compete with the slow water oxidation , 

the quantum yield of the process is typically about 1 -2%.4 , 22  



 
74 

4.2 Working principles and important 

parameters in DSPEC 

In a tandem DSPEC, the general steps involved are the 

following: 

Photoexcitation:  

 𝑊𝑂𝐶/𝑑𝑦𝑒1/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒2/𝐻𝐸𝐶
2ℎ𝜈
→  𝑊𝑂𝐶/𝑑𝑦𝑒1∗/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒2

∗/𝐻𝐸𝐶  (1) 

Charge separation and regeneration of the dye: 

𝑊𝑂𝐶/𝑑𝑦𝑒1∗/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒2
∗/𝐻𝐸𝐶 →  

𝑊𝑂𝐶(ℎ+)/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶(𝑒−)  (2) 

Water oxidation: 

 4 × 𝑊𝑂𝐶(ℎ+)/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶(𝑒−) + 2𝐻2𝑂 →  

𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶(𝑒−)  +  𝑂2 + 4 𝐻

+ (3) 

Proton reduction:  

2 ×𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶(𝑒−) +  2𝐻+ →  

𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶 +  𝐻2 (4) 

Regeneration of the photosystems: 

𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶 →  𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒/𝐻𝐸𝐶  (5) 

Recombination reactions: 

𝑊𝑂𝐶/𝑑𝑦𝑒(ℎ+)/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒(𝑒−)/𝐻𝐸𝐶 →  

𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒/𝐻𝐸𝐶  (6) 

𝑊𝑂𝐶(ℎ+)/𝑑𝑦𝑒/𝑇𝑖𝑂2(𝑒
−)||𝑁𝑖𝑂(ℎ+)/𝑑𝑦𝑒/𝐻𝐸𝐶(𝑒−)  →   

𝑊𝑂𝐶/𝑑𝑦𝑒/𝑇𝑖𝑂2||𝑁𝑖𝑂/𝑑𝑦𝑒/𝐻𝐸𝐶  (7) 
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As in PC, the dyes are responsible for the light -harvesting of 

the system thus they collect the photons, exciting an electron 

and becoming dye* (1). Subsequently , at the photoanode, the 

electron is transferred to the CB of the TiO 2 , and the hole to 

the WOC. In the same moment, at the photocathode, the 

electron of the second dye goes to the HEC and the hole to 

the NiO (2). In this step, the ground state of the dyes is 

regenerated. Once the WOC collects four holes, it can reduce 

two molecules of water to evolve a molecule of oxygen (3). 

In the meantime, at the cathode, the HEC uses the electrons 

received from the LUMO of dye2 to reduce protons and evolve 

molecular hydrogen (4). In the end, the electrons transferred 

from the LUMO of dye1 to the CB of TiO 2 are transferred to 

the oxidized NiO through the external circuit to restore the 

photosystem (5). It is not well known if the regeneration of 

the dye always happens before the redox reactions. The 

accumulation of holes and electrons in the WOC and HEC, 

respectively, is the main contribu tion to the water spil l ing 

driving force. Undesired charge recombination reactions often 

occur, especially between the TiO 2 and the oxidized dye or NiO 

and the reduced dye (6) or between the catalysts and the SC 

(7).27  

The photoelectrodes are typically f luorine-doped tin oxide (FTO) 

or indium tin oxide (ITO) glass covered with a thin layer of 

the SC paste through screen-printing, spin coating, or doctor 

blading. In some cases, the SC nanoparticles can be prepared 

hydrothermally and then suspended in a cellulose/surfactant 

mixture. The films are then annealed at 400/500 °C to 

eliminate all the organic compounds and form a porous and 

conductive film.21 Next, the films are sensitized in the dark 

by soaking in a dye and/or catalyst solution (depending on 

whether also the catalyst is anchored to the SC surface). 

Finally, the films are removed from the solution bath, washed 

with clean solvent, and dried under nitrogen flow. UV -vis 
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spectroscopy is then used to evaluate the optical behavior of 

the photoelectrode and the dye and/or catalyst loading. High 

molar extinction coefficients are required to afford effic ient 

light-harvesting even in the presence of low dye loadings. The 

compounds and the films are electrochemically characterized 

using cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) to evaluate the energetic levels from the 

oxidation and reduction potentials. 28 , 29 The difference between 

the two potentials is the bandgap. In some cases, the bandgap 

is calculated using a Tauc plot 30 if one of the two potentials 

cannot be recorded. In the end, a last characterization of the 

film is the X-ray photoelectron spectroscopy (XPS) 

measurements, especially when the catalyst is connected to 

the surface.31 XPS is a surface-sensitive technique that uses 

binding energy to identify the elements present in a film . It 

identifies the atoms present on the surface and helps elucidate 

which bonds exist.  

A DSPEC is evaluated through photoelectrochemical 

measurements with a three-electrode setup in an aqueous 

electrolyte degassed with inert gas (Figure 24). To optimize 

the device, the photoanode and photocathode are typically 

studied separately using a simple platinum wire as the counter 

electrode (CE). However, this set -up requires a supply of 

electricity (bias) to increase the electron injection into the SC 

and simulate the VB of p-SC or CB of n-SC. The working 

electrode (WE) is the investigated photoelectrode, while the 

reference electrode (RE) is typically an Ag/AgCl electrode. The 

anodic and cathodic half -cells are separated by a Nafion® film 

which acts as the proton exchange membrane in order to block 

the transit of protons from the cathode to the anode and 

allow only the inverse transit. The DSPEC is then irradiated 

with visible light to avoid the direct excitation of the TiO 2 

electrons. The lamp should simulate the AM1.5 solar spectrum 
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and should be calibrated to an intensity of 1000 W m - 2 for 

measurements at one-sun intensity.4  

 

Figure 24: Schematic and pictorial representation of a three -electrode 

setup of a DSPEC coupled with a potentiostat and a lamp.  

The first photoelectrochemical experiment is the linear sweep 

voltammetry (LSV), where the current density at the 

photoelectrode is recorded while the potential applied between 

the working and the reference electrode extends over a fixed 

range, usually normalized for the active surface area.28 , 29 LSV 

experiments are performed both under light and in the dark 

to evaluate the photoactivity of the system. The current 

generated at every potential is expected to be almost zero 

when the system is in the dark, while it should show a clear 

signal when it is under il lumination. In the LSV plot, it is 

possible to evaluate the potential where the difference in the 

generated current between dark and light is the highest (Figure 

25). 

This potential is then used as applied bias in the 

chronoamperometry (CA) measurements. 28 , 29 As for LSV, the 

current generated by the photoelectrode is recorded both under 

dark and light conditions. A CA measurement typically starts 

in the dark to record the “dark current”. After about 5 min, 
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the device is irradiated with 1 Sun illumination and registers 

a spike of current. After a few seconds, the si gnal decreases 

and stabil izes to a steady value. By switching off the l ight, 

it is possible to record the amplitude of the photocurrent by 

the difference between the stabil ized current under light and 

the new current in the dark. In the end, the stabil i ty of the 

DSPEC is evaluated through long-time measurements.  

 

Figure 25: Graphical representation of a LSV plot.  

A measurement in DSPEC aims to record the generated amounts 

of O2 and H 2, which should be collected, with a stoichiometry 

of 1:2. This ratio should be always checked to avoid over - or 

underestimation due to the permeation of gases from the 

outside or losses from the inside, respectively. Hydrogen is 

typically detected by means of a thermal conductivity detector 

(TCD) with a gas chromatography (GC). This instrument senses 

changes in the thermal conductivity of the column effluent 

and compares it to a reference flow of carrier gas (Ar to 

detect H 2 or He to detect O2) . 3 2 Another way to measure the 

evolved oxygen is using a Clark electrode, which measures the 

gas concentration in the cell electrolyte . However, the detection 

of oxygen is stil l challenging due to the easy external 

contamination thus, it is more straightforward to calculate the 

Faradaic efficiency (FE) of the device. The FE evaluates the 



 
79 

charge transfer in an electrochemical device. The FE is stated 

as the ratio between four times the moles of generated oxygen 

and the moles of all the electrons generated (Eq. 4.1). 

However, the latter can be easily evaluated as the current 

generated by the photoanode, while the former is difficult due 

to all the problems previously mentioned.  

 𝐹𝐸 =  
4 ×𝑚𝑜𝑙 𝑂2

𝑚𝑜𝑙 𝑒−
=
𝑛° 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 𝑤ℎ𝑖𝑐ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑂2 

𝑛° 𝑒− 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑎𝑛𝑜𝑑𝑒
 (Eq. 4.1) 

The research groups of Mallouk and Meyer developed the 

collector-generator technique that helps overcome this 

problem.33 , 34 This technique transforms a very-difficult-to-

evaluate variable (affected, among other things, by leakage 

and air contamination) into a simple electric signal. The set -

up is composed by two working electrodes in proximity (~400 

μm). One is the photoanode, and under il lumination, it oxidizes 

water to oxygen and records a positive current over time. The 

integration of that current corresponds to the total amount of 

electrons produced by the photoanode. The other working 

electrode is a simple FTO electrode kept at a reductive 

potential (~-0.6 V vs NHE) to reduce all the oxygen produced 

by the photoanode. Reducing the oxygen, it records a negative 

current, whose integration matches with the number of charges 

that actually produced oxygen. By the ratio between these two 

values and referring to the FE of the device (i.e. , measured 

using two FTO films, one at an oxidizing potential and one at 

a reductive potential), it is possible to obtain the FE of the 

photosystem (Eq. 4.2). 

𝐹𝐸(%) =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎𝐶

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎𝐺
× 100 ×

1

𝐹𝐸𝑐𝑜𝑙𝑙
  (Eq. 4.2) 

The experiment starts with a few minutes in the dark, where 

the collector reduces all the oxygen present in the electrolyte 

medium between the two working electrodes, recording a 

current (Figure 26, 1). Once a plateau in the collector current 
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is reached, all the oxygen present has been eliminated (2). In 

this way, the problem of external oxygen contamination is 

minimized. Then, the light turns on and as a result, the 

generator starts registering a sharp increase in current (3). 

At the same time, the collector begins to reduce the oxygen 

(produced by the generator) with only slight increase in 

current due to the time the oxygen takes to diffuse (4). When 

the light turns off, the current recorded by the generator 

drastically drops down (5). However, the collector stil l 

registers a current for the presence of oxygen (6), and only 

once all oxygen is reduced, the current returns to the plateau 

value (7). At this point, the experiment is concluded, and the 

curves can be integrated.  

 

Figure 26: Example of an ideal collector -generation graph. In light 

blue, the current recorded by the generator and the relative integrated 

area. In purple, the current recorded by the collector and the relative 

integrated area. 

An additional parameter to determine the efficiency of a DSPEC 

is the external quantum efficiency, commonly referred to as 

Incident Photon-to-Current conversion Efficiency (IPCE). 

IPCE(λ) is defined as the number of collected electrons under 
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short circuit conditions per number of incident photons at a 

given excitation wavelength λ and provides the abil i ty of a 

cell to generate current as a function of the wavelength of 

the incident monochromatic light. 28 , 29 IPCE is calculated by 

measuring the photocurrent at a given potential as a function 

of the monochromatic photon flux (Eq. 4.3).  

 𝐼𝑃𝐶𝐸(𝜆) =
𝐽𝑠𝑐(𝜆)

𝑒⁄

𝑃𝑖𝑛(𝜆)
ℎ𝜈⁄
=
ℎ𝑐

𝜆𝑒
×
𝐽𝑠𝑐(𝜆)

𝑃𝑖𝑛(𝜆)
=
1240

𝜆
×
𝐽𝑠𝑐(𝜆)

𝑃𝑖𝑛(𝜆)
 (Eq. 4.3) 

Where 𝐽𝑠𝑐(𝜆) and 𝑃𝑖𝑛(𝜆) are the amperometric photocurrent and 

the power of the incident light at every wavelength, 

respectively . The LHE (Eq. 2.8) is usually measured to 

calculate the adsorbed photon-to-current efficiency (APCE) 

following the Eq. 4.4.  

 𝐼𝑃𝐶𝐸(𝜆) = 𝐿𝐻𝐸(𝜆) × 𝐴𝑃𝐶𝐸 (𝜆) (Eq. 4.4) 

Finally, in some cases, the solar-to-hydrogen efficiency (STH) 

is reported. This value is the efficiency of the photosystem in 

terms of incoming solar energy power converted into output 

power related to the produced hydrogen (Eq. 4.5).  

 𝑆𝑇𝐻 (%)  =  
𝑠𝑡𝑒𝑎𝑑𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴) × 𝐹𝐸 (%) × 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑉)

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 (𝑚𝑊)
 (Eq. 4.5) 

DSPECs are stil l in their infancy, especially those that use a 

molecular approach for dyes and catalysts. However, in less 

than 15 years, the global interest and the number of 

publications in the field have quickly grown. Dyes and 

catalysts are the two independent components that can be 

engineered at the molecular level in a DSPEC. In the following 

paragraphs, I will present a brief overv iew of the most 

remarkable photosensitizers and WOCs for photoanode 

optimization. I leave the more curious readers the freedom to 

check out these articles on cathode optimization. 21 , 26 , 35  
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 4.3 Photosensitizers for photoanode in 

DSPEC 

Photosensitizers for DSPEC photoanode should have 

approximately the same characteristics as the ones for DSPC, 

already mentioned in paragraph 1.5.2. Therefore, it is common 

to find the same photosensitizers in different papers covering 

different applications like DSSC, DSPC, and/or DSPEC. Ideally, 

the dye must absorb a significant fraction of the visible 

spectrum, convert all photons absorbed into electron -hole pairs, 

bind strongly to the surface of the photoelectrode , and have 

an appropriate redox potential to drive the catalytic water 

oxidation with the WOC.4 , 5 , 36 The dye can be either chemisorbed 

on the surface of the SC or covalently linked to it . To obtain 

a stable bond with the SC oxide, the photosensitizer must 

present a particular anchoring site such as a carboxy lic, a 

phosphonic , or a hydroxamic functionality, whose differences 

have been already discussed in paragraph 1.5.2. It is important 

that the energy levels of the dye match with the energy levels 

of the systems. Its LUMO should be at higher energy than the 

CB of the SC while its oxidation potential should be more 

positive than the redox potential of the WOC to allow the 

regeneration of the dye. 22 , 37 Moreover, the dye must be 

photo(electro)chemically stable and present a long-l ived excited 

state to perform the charge transfer, and be competitive with 

the recombination process .1 , 26 With respect to DSSC and DSPC, 

just a few examples of dyes have been investigated for a long 

time and at the beginning, they mostly presented an 

organometall ic nature. The first example was a trisbipirydine 

ruthenium complex (Ru1, Figure 27) characterized by two 

phosphonic anchor groups for the SC and a malonic acid group 

for binding hydrated iridium oxide nanoparticles that acted as 

WOC.38 In this case, the dye stabil ized the WOC keeping it 

away from the surface to limit the charge recombination 
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reactions between the WOC and the SC. However, this set -up 

exhibited a low internal quantum yield that was attributed to 

a faster kinetics of the back electron transfer between the SC 

and the dye with respect to the electron transfer from the 

WOC to the photo-oxidized dye. Other papers showed 

trisbipirydine ruthenium complexes (Ru2, Figure 27) which 

were employed due to their strong absorbance between 400 

and 500 nm, their sufficiently long-l ived excited state lifetime, 

and an oxidation potential of the Ru I I/Ru I I I couple which is 

positive enough to drive the oxidat ion of the water (+1.26 V 

vs NHE). However, ruthenium is a rare and expensive element, 

and this is a notable impediment to large -scale production. 39 -

43 Now, more interest is turned to organometall ic dyes made 

with abundant metals like zinc porphyrins or 

phthalocyanines.44 , 45 They present remarkable activities, 

however they have complex synthetic paths characterized by 

difficult purification of the compounds and low yields.  

In recent years, there has been a growing interest in organic 

dyes due to the advantages they present over their 

organometall ic cousins. They exhibit a lower cost, easy 

tunabili ty, are composed of abundant, and there is a possibil ity 

to shift their absorption maximum towards longer wavelengths 

just by adding conjugated double bonds. Moreover, they 

typically present higher molar extinction coefficients with 

respect to the organometall ic ones. 5 , 46 However, they also tend 

to aggregate more on the surface favoring the non -radiative 

relaxation processes , and therefore decreasing the excited -state 

injection efficiency. 47 - 49 One category of organic dyes includes 

the metal-free porphyrins, characterized by a strong Soret 

band absorption into the blue part of the visible spectrum and 

weaker Q bands at longer wavelengths. Thus, they exhibit an 

efficient overlap with visible solar radiation. 26 However, 

porphyrin-sensitized photoanodes suffer from low photocurrents 

compared to the ruthenium counterparts due to low injection 



 
84 

rate and slow electron self -exchange between oxidized 

porphyrins. In any case, their capabil ity of exploiting red 

photons to perform water splitting increased the interest in 

this category of dyes. 41 , 50 In the literature, some examples of 

perylene-based dyes are also present. They exhibit a strong 

absorption in the visible region, and they have found a place 

in many industrial applications due to their robust nature, low 

cost, and chemical and thermal stabil ity. A particular interest 

is aimed at the perylene diimide (PDI, Figure 27) derivatives. 

In these compounds, the nitrogen atom can be easily modified 

to insert anchor groups or to increase the steric hindrance of 

the molecules since these compounds suffer from strong π -π 

stacking aggregation. These functionalizations are also 

important to obtain a long-l ived charge separation state to 

avoid the back electron transfer from the SC. 51 , 52 In the end, 

a last important category includes the push -pull dyes 

characterized by a D-π -A structure. In the photoanode case, 

the acceptor group is the closest part to the SC and brings 

the anchor functionality. It should help the charge separation 

that takes place after the solar-driven excitation, injecting the 

electrons into the SC. At the same time, the donor group 

facil itates the electron transfer to A, stabil izing the generated 

hole. Hence, D should be the most peripheral part and interact 

with the aqueous medium. Regarding this type of dye, many 

papers report triphenylamine-based photosensitizers with 

different π -spacers.53 , 54 Among these, PS1 presents good optical 

properties and a stable phosphonic anchor group (Figure 27). 

However, the photoanode exhibits low FE due to a high 

oxidative decomposition of the dye. 55 The same group 

discovered that an Al 2O3 layer deposited by atomic layer 

deposition (ALD) before catalyst loading protects the dye from 

degradation and reduces charge recombination. Hence, they 

obtained around 100% in FE using a less light -harvesting 

triphenylamine-based dye. 54 Other studies used dibranched dyes 
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characterized by one donor group from which two π -spacers 

and two acceptor groups branch off. The presence of more 

anchor groups enhanced the stabil ity of the dyes reducing the 

desorption from the electrode. 56 Moreover, they highlighted the 

responsibil i ty of the 3D structure of the dye. They presented 

three different dyes changing the heteroaromatic donor moiety, 

using phenothiazine, carbazole, and phenoxazine. They 

discovered that the phenothiazine -based PTZ-Th showed a 

higher oxygen production with respect to the carbazole -based 

one. This higher performance could partially arise from better 

optical properties as well as a higher IPCE compared to the 

other investigated dyes despite its lower loading due to the 

bent geometry. This 3D structure could reduce the formation 

of aggregates on the film and al l the relative non-radiative 

relaxation processes.  

 

Figure 27: Structures of the main photosensitizers used in DSPEC. 

Together, these results highlight that organic dyes may be able 

to achieve the appropriate kinetic stabi l ity in DSPEC for water 

oxidation. If they are designed in such a way as to promote 



 
86 

rapid regeneration of the oxidized photosensitizer , the 

reactions of recombination and degradation could be reduced. 

It is therefore necessary to develop systems that allow 

efficient holes transfer from the photosensitizer to the WOC .36 

4.4 Water oxidation catalysts for DSPEC  

The first request for a compound to be a WOC is to lower the 

water oxidation energy barrier to speed up the charge transfer. 

It must have a redox potential less positive with respect to 

the oxidation potential of the dye to ensure the regeneration 

of the oxidized photosensitizer. In most cases, the WOCs are 

metal oxide nanoparticles, like iridium oxide or cobalt 

oxide.38 , 51 , 57 However, these kinds of WOCs suffers from slow 

electron transfer kinetics between the oxidized PS and the 

WOC, causing fast kinetics of back electron transfer which 

reduce the efficiency of the device. To overcome these 

problems, it is possible to add a thin layer of TiO 2 over the 

dye-sensitized SC and/or keep a basic environment near the 

electrode, since the free protons generated by the water 

oxidation combine with the electrons in the SC causing a 

drastic drop in the efficiency. Finally, an idea is to use low 

overpotential metal oxide, like alloys of NiFeO x or CoFeO x, to 

speed up the kinetics of the charge transfer between oxidized 

dye and WOC.4 The other possibil ity for WOCs is to use 

molecular metal complexes. The advantage of using molecular 

catalysts is the modulation of the electronic properties by 

varying the substituents on the ligands. Moreover, the 

investigation of the water oxidation mechanism, the active 

sites and the charge recombination reactions are more diff icult 

in the metal oxides-based WOCs.58 However, most molecular 

WOC are made of expensive and rare transition metals, like 

iridium or ruthenium. Some exceptions use earth -abundant 

elements, like calcium-manganese oxides59 , 60 or iron 
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complexes,61 , 62and present a TOF higher than 0.5 s - 1 (the 

approximate rate achievable by the photon flux at 1 sun 

illumination), but their stabil i ty is very low that is not 

sufficient for long-l ived devices.36 

The different configurations of a DSPEC depend on the WOC, 

since the photosensitizer, except for a few rare cases, 63 , 64 is 

always bound to the electrode surface. In the simplest case, 

the WOC is solubil ized or suspended in the aqueous electrolyte 

medium and just the diffusion, typically helped with a constant 

stirring of the aqueous medium, allows it to reach the SC 

surface and to perform the electron transfer. In the most 

common cases, the WOC is bound onto the electrode surface 

together with the photosensitizer. However, its adsorption 

competes with the adsorption of the dye and thus reduces the 

light-harvesting of the system. In the end, the most innovative 

strategy is to connect the WOC with the adsorbed dye using 

either supramolecular interactions or a covalent bond between 

the two entities. This last configuration allows reducing the 

charge recombination reactions between the WOC and the SC 

because the WOC is maintained away from the electrode surface 

by the interaction with the dye.  

The first WOC that was presented in the literature is the “blue 

dimer”, an oxo -bridged ruthenium dimer (Figure 28).65 The 

system showed O 2 formation for the first 15 minutes at a rate 

of 330-μL h - 1 , and then dramatically decreased. However, to 

be comparable with the PS II, the TOF of the WOC should be 

closer to 100 s - 1. Despite the expensive cost of these WOCs, 

the first systems able to achieve a speed comparable to the 

PS II were two ruthenium complexes [Ru(bda)(X) 2] (bda = 2,2’ -

bipyridine-6,6’ -dicarboxylate; X = 4-picoline or isoquinol ine) 

developed by Sun and coworkers (Figure 28).66 -68 The bda 

equatorial ligand can chelate the ruthenium center in four 

positions, and it is essential to reach the seven -ligand 

coordination, an indispensable structure for the water 



 
88 

oxidation. 66 In fact, the reaction kinetics need two parallel 

ruthenium complexes connected by two molecules of water as 

a bridge (Figure 29). The isoquinoline as axial ligand highly 

increases the TOF due to the strong π -π stacking between the 

isoquinoline rings which block the ruthenium dimer in the 

right position to perform the water oxidation. 67 However, these 

WOCs are always solubil ized in the electrolyte medium. This 

configuration drastically reduces the efficiency of the 

photosystem since the diffusion of the WOC near the electrode 

rules the charge transfer, and it can also cause some charge 

recombination reactions between the WOC and the SC .69  

The most common configuration regards a WOC immobilized on 

the SC. The first example was a [Ru(bda)(pic) 2] (pic = 4-

picoline) immobilized onto a RuP-sensitized SC surface through 

a Nafion® film. 70 They found that a basic pretreatment of the 

film until pH 9.8 highly reduced the current decay rate 

obtaining a TOF for the complete catalytic system of 27 h - 1. 

For the first time a molecular WOC was used in combination 

with a dye-sensitized photoanode! Another approach is the 

functionalization of the WOC by adding a suitable anchor group 

onto one or more ligands. In most cases, the functionalization 

is onto an axial ligand by adding an alkyl chain characterized 

by the proper anchor group at one extremity (Figure 28).40 -

42 , 55 , 71 , 7 2 The longer is the chain, the higher is the flexibil ity 

of the WOC. This notable feature increases the opportunity for 

two WOC to meet and form the two water molecules bridge. 73 

Moreover, longer alkyl chains reduce the back electron transfer 

because of its insulating behavior and because it allows the 

WOC to fluctuate away from the SC surface. 73 Brudvig and 

coworkers presented a more rigid anchor group, that increased 

the stabil ity of the photoanode for more than 20 h ( Ir1, 

Figure 28).50 However, the efficiency of the device was low, 

mainly due to the rigid structure of the WOC, which 
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discouraged the combination with another iridium center to 

perform the water oxidation. 

 

Figure 28: Structures of the main WOC used in DSPEC. 

Finally, the most interesting configuration regards the 

combination of dye and catalyst in one single system, called 

dyad. In this case, the WOC can be covalently bound to the 

dye or dissolved in the medium exploiting supramolecular 

interactions with it that attract the WOC near the dye reducing 

the contacts with the SC. Among the supramolecular 

approaches, the most present are the host -guest,52 the 
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hydrophobic/hydrophil ic,74 the π -π stacking,75 , 76 or the ion-

mediated interactions. 77 -8 1 On the other hand, some examples 

of ruthenium dimer dyads made through a bidentate ligand 

were published in the literature, paving the way to these new 

covalent designs. 80 , 82 , 83 Famous among covalent dyads is the 

ruthenium-based WOC–zinc porphyrin sensitizer (Ru-ZnP, Figure 

28).84 The benchmark [Ru(bda)(pic) 2] was modified by adding 

a zinc porphyrin to one of its axial ligands and blocking the 

conjugation between the dye and the catalyst with a methylene 

bridge to avoid back electron transfer reactions. Moreover, the 

long alkoxyl chains present in the structure of the porphyrin -

based dye generated a protective layer from the approaching 

protons to the SC, which achieved an IPCE of 18% at 424 

nm. The use of a covalent bond is the most promising strategy. 

By immobilizing the WOC away from the surface of the SC, it 

is possible to reduce charge recombination with the SC and 

develop a device that can work in flow and does not create 

pollution in the water. 

 

Figure 29: Schematic representation of the oxo -bridge between two 

ruthenium WOC while performing water oxidation. 
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This section presents an innovative design for organic dyes in 

DSPEC where the donor moiety of a dibranched D-(π -A)2 dye 

is functionalized with a calix[4]arene macrocycle to exploit 

host-guest interactions with a properly functionalized WOC. 

This is the first time where the host -guest properties of a 

calix[4]arene macrocycle are used in DSPEC applicat ions.  

We considered three different dyes and two WOCs. Two dyes 

had a macrocycle connected to one or two molecules of a 

phenothiazine-based photosensitizer, while the last one is a 

simple phenothiazine-based photosensitizer. We studied the 

influence of the calix[4]arene in the photoelectrochemical 

experiments. The best interaction developed between Calix-PTZ 

and [Ru(bda)(pic) 2] obtained the highest photocurrent that 

remained stable over time for the entire course of the 

experiment. On the other hand, when [Ru(bda)(ppy)2] was used, 

PTZ-Th exhibited a photocurrent two times higher than with 

the other WOC, but with a sharp decrease with time. The high 

stabil i ty of Calix-PTZ proved a positive interaction with the 

two WOCs, but more favored in the case of [Ru(bda)(pic) 2] . 

These results agree with the electrochemical investigation, 

where the formation of more reactive species, especiall y in 

the case of [Ru(bda)(pic)2] with Calix-PTZ or PTZ-Th, was 

evident. 

Despite the best optical properties, the most rigid structure of 

Calix-PTZ2 highly reduced the possibil i ty of interaction between 

the two ruthenium centers mandatory for the formation of the 

oxo-bridge, and this is made clear by the low photogenerated 

currents in every situation. This behavior was further 



 
98 

investigated with molecular dynamics, and we found that the 

calix[4]arene macrocycle of Calix-PTZ can easily rotate around 

its bonds, while the one of Calix-PTZ2 is constrained between 

the two phenothiazine dyes, thus reducing its mobility in the 

system.  

The oxygen evolution of these systems is stil l under 

investigation at the Mibsolar center of the University Milano -

Bicocca. 

5.1 Introduction 

In some examples, DSPECs exploited supramolecular 

interactions between dye and WOC to overcome the problem of 

the slow diffusion of the catalyst in the electrolyte. With this 

arrangement, the WOC could have a great interaction with the 

water molecules; organize with the other WOC molecules to 

perform the oxo-bridge and be attracted to the electrode 

surface through host-guest interactions with the dye to favor 

the charge transfer. Moreover, this design highly reduces the 

difficulties in the synthesis of the molecular compounds, 

avoiding the formation of high-weight molecules, which can 

present problems of solubil ity and purification. With a simple 

modification, typically performed in one of the last steps of 

the synthesis with a sort of click chemistry reaction, it is 

possible to functionalize properly the dye and the catalyst to 

favor the interaction between them. The most remarkable 

example of this kind of interaction for DSPEC is by Sun and 

coworkers.1 In that work, they functionalized a trisbipyrid ine 

ruthenium complex with a β -cyclodestrin (β -CD). On the other 

hand, the axial l igands of the benchmark [Ru(bda)(pic) 2] 

catalyst have been modified with two 4-phenylpyridine (ppy) 

(Figure 30). β -CD can easily host phenyl rings. The 

stabil ization of the complex is achieved through van der Waals 
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forces, hydrogen bonding, a decrease of strain energy, and the 

release of high-energy water molecules from the cavities.2 CV, 

CA, and IPCE demonstrated the formation of the complex and 

the capacity of water oxidation for the supramolecular 

arrangement. They got further confirmation by testing the 

photosystem without one or both functionalizat ion and 

obtaining low currents. These results highlighted the 

importance of developing and exploiting particular interactions 

between the WOC and the dye easily obtained by simple 

modifications of the molecular structures . These simple 

preparation methods, ease of tunabili ty, and the high catalytic 

activity of the system are remarkable and may be of value in 

many solar fuel device applications.  

 

Figure 30: Schematic representation of the host -guest configuration 

presented by Sun et al.1  

Few other papers present the use of supramolecular 

interactions between β -CD-sensitized electrodes and 

electrocatalysts for water or ammonia oxidation. 3 These works 

highlight how these interactions highly favor the catalytic 

process. Moreover, this configuration allows the regeneration 

of the electrodes by reabsorption of fresh catalyst guests . 
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Calixarenes are other common molecules that exploit host -guest 

interactions with some small molecules. They have been used 

in DSPEC application4 , 5 as simple photosensitizers, but no one 

has ever studied their supramolecular properties in this field.  

My group has recently reported the use of dibranched donor -

(π -acceptor)2 heteroaromatic sensitizers bearing different donor 

groups with different geometries in DSPEC, demonstrating the 

influence of spatial arrangements on photoelectrosynthetic 

properties.6 In this work, we combined the superior host-guest 

properties of the p-tert-butylcalix[4]arene with an easy-to-

synthesize metal -free organic sensitizer to investigate its 

interactions with different WOCs. The p-tert-butylcalix[4]arene 

derivative has bulky alkyl chains, which increase the solubil ity 

of the systems and is expected to reduce dye aggregation. 

Moreover, the introduction of propyl or longer alkyl chains 

into the lower rim blocks these systems in the cone 

conformation.7 We chose to investigate two different 

configurations of the photosensitizer. In one case, the lower 

rim of a calix[4]arene macrocycle is connected to just one 

molecule of phenothiazine-based dibranched dye (Calix-PTZ); in 

the other, it is connected to two molecules of it (Calix-PTZ2). 

The calix[4]arene structure is used to pre-organize several 

chromophores in one single molecule, obtaining high molar 

extinction coefficients and several anchor groups. 8 These 

photosensitizers have been studied in combination with two 

different WOCs, one of these bearing a 4-picoline as an axial 

ligand [Ru(bda)(pic)2] , and the other a 4-phenylpyridine as an 

axial ligand [Ru(bda)(ppy)2] . The results have been compared 

with a benchmark phenothiazine -based dye (PTZ-Th) 

functionalized with an octyl chain which cannot exploit any 

supramolecular interaction with the WOC (Figure 31). 
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5.2 Design and synthesis 

The push-pull structure of the photosensitizer is a 

phenothiazine donor moiety from which two branches depart, 

bearing thienyl rings as π -spacers and cyanoacrylic ac ids as 

acceptor and anchor groups. The donor moiety is then 

functionalized with a p-tert-butylcalix[4]arene in Calix-PTZ and 

Calix-PTZ2 , while with an octyl chain in the case of PTZ-Th. 

The sensitizer PTZ-Th and the ruthenium catalysts 

[Ru(bda)(pic)2] and [Ru(bda)(ppy)2] were synthesized according 

to the literature.9 -1 1 

 

Figure 31: Chemical structures of the investigated compounds. 

The synthetic procedure for the preparation of the 

calix[4]arene intermediates 2, 4 is depicted in Scheme 4, and 
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the synthesis of the photoactive compounds Calix-PTZ and 

Calix-PTZ2 is depicted in Scheme 5.  

Precursors 5,11,17,23-tetra-tert-butyl-25,26,27-

tripropoxycalix[4]arene 1 and 5,11,17,23-tetra-tert-butyl-25,27-

dipropoxycalix[4]arene 3 were synthesized according to 

literature procedures by the research group of Prof. Baldini 

at the University of Parma.12 The alkylation reactions to give 

intermediates 2, 4 are performed under an inert atmosphere 

in DMF using 1,4-diiodobutane in presence of NaH as base. 

The reactions gave the products in good yield after 

neutralization with 0.1 N HCl and column chromatography. The 

so obtained intermediates were used in the synthesis of the 

calix-dye molecules depicted in Scheme 5.  

 

Scheme 4. Synthesis of calix[4]arene intermediates. Reagents and 

conditions. ii) 1,4-diiodobutane, NaH, anhydrous DMF, rt, 3 h. 
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Scheme 5: Synthesis of Calix-PTZ and Calix-PTZ2. Reagents and 

conditions. iii) 4,4,5,5-Tetramethyl-2-[5-(4,4,5,5-tetramethyl-1,3-

dioxolan-2-yl)-thiophen-2-yl]-1,3,2-dioxaborolane, Pd(dppf)Cl 2, K2CO3, 

DME/MeOH 1:1 (v/v), microwave 75 W, 90 min, 90 °C; iv) 2, NaH 

60%, DMF, rt, 1 day; v) 4, NaH 60%, anhydrous DMF, rt, 3 days; vi) 

THF/10% HClaq 1:2 (v/v), 50 °C, 2 h; vii) cyanoacetic acid, piperidine, 

CHCl3, reflux, 8 h. 
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The synthesis started with a palladium-catalyzed Suzuki-

Miyaura cross-coupl ing reaction between the 3,7-dibromo-10H-

phenothiazine13 and the 5-formylthienyl -2-boronic acid 

protected as pinacol ester 14 in ethylene glycol dimethyl ether 

and methanol under microwave irradiation. After a proper 

work-up and column chromatography, compound 5 was obtained 

with reasonable yield. The so obtained intermediate was reacted 

with the proper iodobutylcalix[4]arene compound, namely 1,3,4-

bis-(propoxy)-2-bis-(butoxy-4-iodide)-tetrakis-p-tert-

butylcalix[4]arene (2) for Calix-PTZ and 1,3-bis-(propoxy)-2,4-

bis-(butoxy-4-iodide)-tetrakis-p-tert-butylcalix[4]arene (4) for 

Calix-PTZ2 . The reaction was performed under inert atmosphere 

in DMF in presence of sodium hydride as base for one or 

three days. The following reaction was the deprotection of the 

aldehydic functionalities performed in 10% HCl a q/THF (1:2, 

v/v) at 50 °C for 2 h. Finally, the desired products were 

obtained in good yield after Knoevenagel condensation with 

cyanoacetic acid and piperidine in chloroform at reflux. 

The photoanodes were prepared by screen-printing a 1-µm- or 

3-µm-thick transparent TiO 2 layer over an FTO-coated glass. 

These samples were then treated with ozone for 20 minutes 

and soaked in a dye 2·10 - 4 M DMSO/EtOH (1:15) solution 

overnight.  

5.3 Optical and electrochemical properties 

The new product, Calix-PTZ and Calix-PTZ2 have been optically 

and electrochemically characterized both in solution and 

adsorbed on a 1-μm TiO2 film. The UV-Vis spectra of the 

sensitizers compared with the reference dye PTZ-Th are 

depicted in Figure 32 and Figure 33, respectively. The main 

relevant parameters are collected in Table 3.  



 
105 

 

Figure 32: UV-Vis spectra in 10 - 5 DMSO solution of the investigated 

sensitizers. 

As illustrated in Figure 32, the optical response of the dye -

calix systems, Calix-PTZ and Calix-PTZ2 , is similar to the 

reference dye. Indeed, the absorption spectra of the three 

sensitizers are similar because the photoactive behavior of the 

molecule is mainly dominated by the push-pull PTZ-Th dye. 

The three dyes exhibited the same two bands structure, 

ascribed to the local π -π* absorption in the 350 – 400 nm 

range and to the ICT transit ion in the 400-600 nm range. The 

molar absorptivity is similar in Calix-PTZ and PTZ-Th, while 

it is almost twice in Calix-PTZ2 , in agreement with previous 

analogous systems reported in the literature.8 The absorption 

spectra on 1-μm TiO2 films presented a shape similar to the 

ones in solution (Figure 33). The absorption maxima are blue -

shifted of about 30 nm, in agreement with the formation of 

an ester bond between the carboxylic acid and the titanium 

dioxide that reduces the electron-withdrawing strength of the 

acceptor groups. 
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Figure 33: UV-Vis spectra on 1-μm TiO2 films of the investigated 

sensitizers. 

The optical bandgaps have been calculated by means of the 

Tauc plots15 and listed in Table 3. It was not possible to 

estimate the amount of sensitizer adsorbed on the films due 

to the high stabi l ity of these systems even in a basic 

environment. 

Table 3: Optical parameters of investigated sensitizers in solution and 

on 1-µm transparent TiO2 film.  

Sample 
λmax[b,c,d] 
(nm) 

λonset [b,c,d] 
(nm) 

ε[b] 

(M-1 cm-1) 

Egap
opt [b,c,d] 

(eV) 

PTZ-Th 
470 

(463) 

592 

(657) 

34000 

± 1000[a] 

1.90 

(1.70) 

Calix-PTZ 
481 

(457) 

594 

(618) 

28000 

± 1000 

1.89 

(1.84) 

Calix-PTZ2 
478 

(462) 

624 

(628) 

64000 

± 1000 

1.83 

(1.74) 

[a] Value from ref. 6. [b] Dye solution 10-5 M in DMSO. [c] 1-µm 

transparent TiO2 photoanode. [d] Values in brackets have been recorded 

as films. 
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The electrochemical parameters are l isted in Table 4. The 

oxidation potentials were determined using CV and DPV in 

solution and adsorbed onto TiO2. In solution, all the compounds 

presented irreversible oxidation peaks in the CV profile, thus 

DPV was used (Figure 34). The potential of the first oxidation 

peak for each curve was considered the oxidation potential of 

the dye. DPV allowed discovery of a first oxidation peak that 

was hidden in the CV profile of Calix-PTZ. These oxidation 

potentials are positive enough to drive water oxidation and to 

inject excited electrons in the CB of the TiO 2 (-4 eV) from 

their LUMO.16 

Table 4: Electrochemical parameters of investigated sensitizers in 

solution and on 3.5-µm transparent TiO2 film. 

Sample 

Vox
[b,c] 

(V vs NHE) 

± 10 mV 

HOMO[b,c,d] 

(eV) 

± 0.05 eV 

Egap
opt [b,c] 

(eV) 

LUMO [b,c,d] 

(eV) 

± 0.05 eV 

 soln film soln film Soln film soln Film 

PTZ-Th 0.88 0.84 -5.38[a] -5.48 1.90 1.70 -3.33 -3.78 

Calix-PTZ 1.06 0.93 -5.66 -5.53 1.89 1.84 -3.77 -3.69 

Calix-PTZ2 1.02 0.93 -5.62 -5.53 1.83 1.74 -3.79 -3.79 

[a] Value from Ref. 6. [b} 10-4 M dye solution in TBABF4 0.1 M DMF. [c] 3.5-µm 

transparent TiO2 photoanode in 0.5 M KNO3 PBS pH 6.5. [d] Vacuum potential = -4.6 – 

NHE.17 

 

Figure 34: CV (left) and DPV (right) of the compounds recorded in 

TBABF4 0.1 M DMF solution. 
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CV measurements of the dye-sensitized photoanodes were 

performed using a three-electrode electrochemical cell in a 

phosphate buffer solution (PBS) at pH = 6.5 (Figure 35a). The 

photoanode acted as WE, Pt wire as CE, and Ag/AgCl (KCl 3 

M) as RE. Each measurement showed an irreversible oxidative 

peak between +0.9 and +1.1 V vs NHE. Calix-PTZ2 showed its 

onset at the highest oxidizing potential followed by Calix-PTZ 

and then by PTZ-Th (Figure 35a). PTZ-Th presented the highest 

current density. The current density produced by Calix-PTZ2 is 

higher than Calix-PTZ. This behaviour might be ascribed to a 

better packing on the electrode surface of Calix-PTZ2 due to 

the presence of a more rigid structure. On the other hand, 

the presence of a free-to-rotate calix[4]arene macrocycle in 

Calix-PTZ highly increases the steric hindrance of the molecu le, 

thus reducing the packing on the electrode. 

The electrochemical characterization of the photoanodes was 

also performed with the two investigated WOCs dissolved in 

the electrolyte medium (Figure 35b-d). In this case, the WOC 

was dissolved in CF3CH2OH and then added into the PBS 

solution in the electrochemical cell (1×10 - 3 M). In all CV 

profiles, the current density increased with respect to the 

measurement without the WOC, especially at +1.2 V vs NHE 

which corresponds to the beginning of the catalytic wave for 

water oxidation.18 The CV profile of all dyes with 

[Ru(bda)(pic)2] widely change. In all profiles, it was possible 

to find the oxidation and reduction peaks of [Ru(bda)(pic) 2] . 

However, in Calix-PTZ, these peaks were shifted at +0.81 V 

and +0.44 V vs NHE, as compared to the +0.71 V and +0.63 

V vs NHE of the other two cases. Moreover, the oxidation 

peak at +0.81 V vs NHE indicated the presence of the Ru I I I/Ru IV  

couple, that is mandatory to perform water oxidation. 18  
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Figure 35: a) CV of the dye-sensitized photoanodes; b) DPV of the 

dye-sensitized photoanode; c) CV of the PTZ-Th-sensitized photoanode 

in presence or in absence of [Ru(bda)(pic)2], or [Ru(bda)(ppy)2]. d) CV 

of the Calix-PTZ2-sensitized photoanode in presence or in absence of 

[Ru(bda)(pic)2], or [Ru(bda)(ppy)2]. e) CV of the Calix-PTZ-sensitized 

photoanode in presence or in absence of [Ru(bda)(pic)2], or 

[Ru(bda)(ppy)2]. Conditions: the spectra without the catalysts were 

recorded in PBS electrolyte solution at pH 6.5., while the spectra with 

the WOC in PBS electrolyte solution +5% CF3CH2OH (v/v) at pH 6.5. 

CE = Pt wire, RE = Ag/AgCl KCl 3 M, scan rate 50 mV s - 1. 
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In Calix-PTZ ,  the peak at ~+0.70 V vs NHE has totally 

disappered, suggesting the complete formation of a more 

reactive species. In PTZ-Th, the peak at +0.81 V vs NHE was 

present as a shoulder to the main oxidation peak at +0.71 V 

vs NHE, indicating a partial formation of the Ru IV species. In 

Calix-PTZ2 , no particular changes in the position of the peaks 

were evident.  

On the other hand, with [Ru(bda)(ppy)2] , every CV profile 

presented a reduction bump at ~+0.79 V vs NHE. PTZ-Th and 

Calix-PTZ presented an oxidation peak at ~+0.95 V vs NHE, 

while Calix-PTZ2 at ~+1.04 V vs NHE. In the latter case, it 

agrees with the oxidation peak of the dye, while in the former 

case this peak might be attributed to catalysis since it was 

slightly shifted from the oxidation peaks at +0.94 V and +0.98 

V vs NHE of the bare PTZ-Th and Calix-PTZ, respectively. 

Moreover, all CV profiles presented a sort of bump at negative 

currents that was not present in the bare dye profiles.  

In all cases, the onsets of the catalyt ic current resulted less 

positive than the oxidation potential of the dye on film, thus 

indicating that the photocatalytic water oxidation in these 

systems is thermodynamically favored. 1 

5.4 Photoelectrochemistry 

The photosystems were studied in DSPEC with the same set-

up used for the electrochemical investigations. LSV 

measurements were performed both under il lumination and in 

the dark in presence of the two WOC (Figure 36). In both 

cases, the current density of Calix-PTZ2 under il lumination was 

almost comparable to the current that is generated in the 

dark. With [Ru(bda)(pic)2] the current densities generated by 

Calix-PTZ and PTZ-Th were almost similar at oxidative 

potentials higher than +0.3 V vs NHE (~ 20 vs 25 μA cm - 2). 
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On the other hand, with [Ru(bda)(ppy) 2] , PTZ-Th exhibited a 

current density twice as high as Calix-PTZ (~ 25 vs 51 μA 

cm - 2 at every potential). The complete inactivity in the dark 

for each sample confirmed the photoactivity of all the 

photoanodes. A bias of +0.4 V vs NHE was adopted to maximize 

the photocurrents in the following CA experiments. 

 

Figure 36: LSV measurements of the WE with [Ru(bda)(pic)2] (a), or 

with [Ru(bda)(ppy)2] (b) in PBS electrolyte solution and 0.5 M KNO3 

+5% CF3CH2OH (v/v) at pH 6.5 under illumination (200 W Xe lamp; 

420<λ <800 nm). CE = Pt wire, RE = Ag/AgCl (KCl 3 M), scan rate 50 

mV s - 1. 

In CA experiments, the photoanode was irradiated with white 

light il lumination (200 W Xe lamp, 420<λ <800 nm) (Figure 37). 

The DSPEC set-up was the same as for LSV. The measurements 

were performed with 5 min of one-minute-chopped illumination 

followed by 5 min of white light irradiation. For each cycle, 

a photocurrent spike was observed. This is consistent with the 

initial fast charge separation due to the efficient electron 

injection from the excited dye to the CB of TiO 2 followed by 

extensive hole–electron recombination. 1 The surface 

recombination is probably a result of the slow catalytic kinetics 

of the catalyst, which is unable to consume completely the 

photogenerated holes. 1 , 19 In Figure 37, it is possible to see 
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two opposite trends for Calix-PTZ and PTZ-Th. With 

[Ru(bda)(pic)2] the current density generated by Calix-PTZ was 

double with respect to PTZ-Th (~ 39 vs 14 μA cm - 2), while 

with [Ru(bda)(ppy) 2] , PTZ-Th presented 1.5-times higher 

current density than Calix-PTZ after 10 min (~ 41 vs 27 μA 

cm - 2). 

 

Figure 37: CA measurements of the WE with [Ru(bda)(pic)2] (a), or 

with [Ru(bda)(ppy)2] (b) in PBS electrolyte solution and 0.5 M KNO3 

+5% CF3CH2OH (v/v) at pH 6.5 under illumination (200 W Xe lamp; 

420<λ <800 nm). CE = Pt wire, RE = Ag/AgCl KCl 3 M, scan rate 50 mV 

s - 1, with an applied bias of +0.2 V vs Ag/AgCl. 

Regarding the stabi l ity of the photocurrents, the PTZ-Th one 

showed a decrease after 10-min measurement in both cases, 

passing from 17 μA cm - 2 after the first min of il lumination to 

14 μA cm - 2  at the end of the experiment with [Ru(bda)(pic) 2] 

and from 50 μA cm - 2 to 41 μA cm - 2  with [Ru(bda)(ppy)2] . Calix-

PTZ, instead, showed excellent stabil ity with time and no 

absolute decrease in the photocurrent even after a 10-min 

measurement.  

The singular photoelectrochemical trends could be attributed to 

a unique interaction between the dye and the different WOCs. 

The p-tert-butylcalix[4]arene could easily host small guest 

molecules. However, the four tert-butyl groups on its upper 
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rim reduces the available physical space and interacts with 

the cyclic aromatic groups through a CH hos t -πgu es t 

interaction. 20 , 21 Thus, every phenyl ring should remain blocked 

due to this interaction at the top of the calix[4]arene cavity. 

However, small functional groups on the aromatic cycle could 

easily enter the macrocycle and favor a better orientation of 

the phenyl ring in order to exploit the CH hos t -πgu es t 

interaction. 20 -22 For these reasons, p-tert-butylcalix[4]arene 

could have a different interaction with the two investigated 

WOCs, [Ru(bda)(pic)2] and [Ru(bda)(ppy) 2] . Since the 

photocurrents generated by Calix-PTZ were different in the two 

cases, we postulated that this interaction might take place 

with the axial ligand of the WOC. With [Ru(bda)(pic)2] , the 

methyl group of the 4-picoline might enter the macrocycle and 

the interaction should happen between the pyridyl ring and 

the CH3 of the macrocycle. With [Ru(bda)(ppy)2] , the phenyl 

ring of the 4-phenylpyridine interacting with the CH 3 of the 

macrocycle, might not enter the macrocycle, thus the 

interaction between the pyridyl ring and the tert-butyl group 

should not take place. The lower photoelectrochemical activity 

of Calix-PTZ with [Ru(bda)(ppy)2] could be attributed to the 

confinement of the WOC at a longer distance from the dye 

portion (~ 27 vs 39 μA cm - 2 with [Ru(bda)(pic)2]). 

On the other hand, a 3-fold increase in the PTZ-Th photocurrent 

when [Ru(bda)(ppy)2] was used indicated that the presence of 

an additional phenyl ring on the WOC ligands allowed a better 

alignment in the energy levels of that system and a better 

charge transfer. Moreover, the presence of a more extended 

π -structure in the WOC can favor the formation of a more 

stable oxo-bridge between two ruthenium centers. 10 , 23 Further 

studies are in progress to better investigate this trend and 

evaluate the oxygen produced by the different photosystems.  
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Next, we investigated the photocurrents of Calix-PTZ2 , pointing 

our attention to the differences in the design with respect to 

Calix-PTZ. These low photocurrents may indicate an almost -

impossible charge transfer between dye and WOC. We 

hypothesized that the presence of four anchor groups at a 

fixed distance imposed by the macrocycle remarkably increased 

the rigidity of the photosensitizer when anchored onto the SC. 

This conformation might block the calix[4]arene macrocycle 

completely and avoid its rotation around the alkyl chain. This  

could prevent the WOC from approaching the dye and 

performing charge transfer, as in the case of Calix-PTZ. 

Moreover, this inflexible conformation should reduce the 

possibil ity of two ruthenium complexes being close to each 

other and building the oxo-bridge with two molecules of water. 

Some detailed computational studies have been performed by 

the group of Prof. Cosentino and Prof. Greco in the department 

of environmental science at the University of Milano–Bicocca 

and are reported in the next paragraph.  

5.5 Molecular Dynamics simulations 

To investigate the higher performance of Calix-PTZ with respect 

to Calix-PTZ2 , we modeled the TiO2 -co-adsorbed dye by 

Molecular Dynamics simulations in aqueous solution. We 

anchored the dyes on a [101] anatase TiO 2 slab of ca 9.2 × 

7.9 × 1.1 nm dimensions. We investigated the calix[4]arene 

orientation compared to the surface in the two different dye -

sensitized systems. We defined a plane passing from the 

methylene bridges of the calix[4]arene and during the 

simulations, we calculated the Θ angle between the plane 

previously defined and the TiO 2 surface. The most sampled Θ 

angle in Calix-PTZ is around 60°; while in Calix-PTZ2 it is 

around 90° (Figure 38). Then, to investigate the different 

charge transfers in the two systems, we calculated the distance 
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between the LUMO and the SC surface and the distance between 

the HOMO and the hypothetical ruthenium catalyst bound into 

the calix[4]arene. 

First, we calculated the HOMO and the LUMO of a dye model, 

in which we retained only the carboxy-phenothiazine core, 

replacing the neglected substituent by a methyl group. The 

electronic isosurfaces showed that the HOMO is mainly 

distributed on the phenothiazine ring, while the LUMO on the 

thienyl rings and on the acrylic groups (Figure 39).  

 

Figure 38: Calix-PTZ (left) and Calix-PTZ2 (right) structures after 

modeling with Molecular Dynamics on a [101] anatase TiO 2 slab.  

 

Figure 39: Distribution of HOMO (left) and LUMO (right) on the 

phenothiazine portion, calculated by density functional theory (DFT). 

During the Molecular Dynamics simulations, we monitored: i) 

the distance between atoms of the phenothiazine rings, 

representative of the HOMO, and the center of mass of the t-
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butyl substituents on the calix[4]arene macrocycle, 

representative of the hypothetical position of the catalyst; ii) 

the distance between the geometric center of the thienyl rings, 

representative of the LUMO, and the TiO 2 surface.  

We found insignificant differences in the distance HOMO - 

center of mass of the t-butyl between Calix-PTZ and Calix-PTZ2 

(Figure 40a). However, we found that the LUMO of Calix-PTZ 

is closer to the TiO 2 than the one of Calix-PTZ2 (Figure 40b), 

thus it might favor charge transfer from the dye to the TiO 2 

and justify the higher performances of Calix-PTZ in the 

photoelectrochemical studies. 

 

Figure 40: Distribution of the distance between HOMO and the t-butyl 

mass center (a), and between LUMO and TiO2 (b) for Calix-PTZ and 

Calix-PTZ2. 
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In conclusion, for the first time in the literature, calix[4]arene -

based photosensitizers were employed in photoanodes of DSPEC 

to exploit their supramolecular capabil ities with properly 

functionalized WOC. 24 We presented two new calix[4]arene -based 

dyes that have been used in combination with two WOC. All 

the dyes were characterized also in the presence of the WOC. 

We found that they possess the correct energy levels for 

performing water oxidation in combination with the WOC. The 

photosystems have been tested only in CA experiments where 

Calix-PTZ exhibited the best photocurrent in combination with 

[Ru(bda)(pic)2] , while in the presence of [Ru(bda)(ppy)2] its 

performance decreases. It might be attributed to the 

establishment of host-guest interactions between the 

calix[4]arene and the axial ligands of the WOC, that in the 

former case increased the photocurrents, and thus the charge 

transfer, while in the latter, reduced it due to a non -beneficial 

geometry of the system. The geometry also affects the 

performances of Calix-PTZ2 , which was the worst of all 

systems, despite it presenting the best optical properties. The 

extreme rigidity of its system might have blocked the 

possibil ity of two ruthenium centers to be in proximity to 

each other, which is mandatory to perform water oxidation. 

Moreover, Molecular Dynamics calculations highlighted the 

higher distance of the LUMO of Calix-PTZ2 from the SC with 

respect to the other investigated dyes. These results could be 

considered a further explanation of the bad 

photoelectrochemical performance of Calix-PTZ2 . 

5.6 Experimental section 

5.6.1 Spectroscopic and electrochemical investigation 
of dyes 

The fol lowing mater ials were purchased from commercial suppl iers : FTO -

coated glass plates (2.2 mm thick; sheet res istance ~7 ohm per square; 
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Solaronix) ; Dyesol 18NR-T transparent TiO 2 blend of act ive 20 nm anatase 

part ic les . UV-O 3 treatment was performed using Novascan PSD Pro Ser ies – 

Digi tal UV Ozone System. The thickness of the layers was measured by 

means of a VEECO Dektak 8 Stylus Profi ler . Cycl ic Voltammetry (CV) was 

carr ied out at a scan rate of 50 mV s - 1 , us ing a Bio - logic SP-240 

potentiostat in a three -e lectrode electrochemical cel l under Ar. The working, 

counter, and the pseudo -reference electrodes were a glassy carbon pin 

(surface area = 0.02 cm 2) , an Ag/Ag + TBAP in CH 3CN (0.1 M 

tetrabutylammonium perchlorate and 0.01 M AgNO 3 in acetoni tr i le) and a 

Pt wire for the dyes in solut ion or a sensi t ized 3.5 µm thick TiO 2 fi lm, a 

Pt wire and an Ag/AgCl electrode (3 M KCl)  for the measurements on fi lm . 

The working electrodes discs were wel l pol i shed with alumina 0.1 µm 

suspension. The preparat ion and sensi t izat ion of the 3.5 µm thick TiO 2 

fi lm is descr ibed below. The Pt wire was sonicated for 15 min in deionized 

water, washed with 2 -propanol , and cycled for 50 times in 0.5 M H 2SO 4 

before use. The Ag/Ag + pseudo-reference electrode was cal ibrated, by adding 

ferrocene (10 - 3 M, Fc) to the test solut ion after each measurement. 2 5 The 

Ag/AgCl (KCl 3 M) pseudo-reference electrode was cal ibrated, by adding 

potass ium hexacyanoferrate (II) tr ihydrate (10 - 3 M) to the test solut ion 

after each measurement. 2 6 Electrochemistry in solut ion was performed in 

TBABF 4 0.1 M DMF, whi le the one on fi lm in 0.01 M aqueous buffer 

phosphate and 0.5 M KNO 3 at pH 6.5. 5% CF 3CH2OH (v/v) was added to 

solubi l ize the WOC in the experiments with the WOC (1×10 - 3 M – final 

concentrat ion) . The potential s were recorded respect to Fc/Fc + and 

[Fe(CN) 6 ]3 -/ [Fe(CN) 6 ]2 - and converted to NHE adding +0.72 V or +0.408 V 

respect ively. 2 5 , 2 6  

5.6.2 Preparation of photoanodes. 

The photoanodes have been prepared adapting from a procedure reported 

in the l i terature . 2 7 In order to exclude metal contamination al l the 

containers were in glass or Teflon and were treated with EtOH and 10% 

HCl prior to use. Plast ic spatulas and tweezers have been used. FTO glass 

plates were cleaned in a detergent solut ion for 15 min using an ultrasonic 

bath, r insed with pure water and EtOH. After treatment in a UV -O 3 system 

for 18 min, a transparent act ive layer of 0.8 cm 2 was screen-pr inted using 

Dyesol 18NR-T act ive transparent TiO 2 paste. The coated fi lms were 

thermal ly treated at 125 °C for 6 min, 325 °C for 10 min, 450 °C for 15 

min, and 500 °C for 15 min. The heating ramp rate was 5 - 10 °C min - 1 .  

These fi lms were then treated in a UV-O 3 system for 20 min at room 

temperature, then soaked into a 2 × 10 - 4 M solut ion in EtOH/DMSO (15:1) 

of the photosensi t izer overnight at room temperature in the dark. The 

stained substrates were rinsed with EtOH and dried with a stream of dry 

nitrogen. The UV-Vis spectra were recorded in comparison with a bare 1 
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µm transparent TiO 2 fi lm, whi le CV and LSV wi th a bare 3.5 µm transparent 

TiO 2 fi lm. 

5.6.3 Photoelectrochemical measurements 

Photoelectrochemical measurements of DS -PEC were carr ied out with black 

metal mask on top of the photoanode of 0.50 cm 2 surface area under a 

200 W Xenon lamp (using a LOT -Or iel xenon white l ight source , equ ipped 

with a 420 nm cut -off f i l ter to minimize TiO 2 contr ibut ion and an IR fi l ter 

to avoid cel l warming). The LSV (scan rate 20 mV s - 1) and CA measurements 

on the DS-PEC were performed using a Biologic SP -240 potentiostat in a 

three-el ectrode purposely des igned photoelectrochemical cel l f i l led with pH 

6.5 PBS (Sigma Aldr ich, product number P4417), KNO 3 0.5 M under Ar, 

and the data col lected with EC -Lab.  

5.6.4 Molecular Dynamics simulations. 

Start ing from the crystal lographic structu re of anatase [101] , 2 8 a TiO 2 slab 

(dimensions: 9.2 × 7.9 × 1.1 nm) was bui l t with Maestro 2021 suite. 2 9 The 

slab was inserted in a simulat ion box large enough to contain the two 

dyes (f inal dimensions 9.2 × 7.9 × 6.0 nm). The structures of the two 

dyes were bui l t in Maestro and optimized with al l atom force field OPLS-

2005 3 0 before approaching them to the surface . The systems were solvated 

with water molecules descr ibed by SPC model . Carboxyl ic groups of the 

dyes were considered in thei r anionic form to guarantee the anchoring to 

the surface . Neutral izat ion of the total charge of the systems was r eached 

by adding Na + ions. For ti tanium dioxide, a force field descr ibed only by 

non-bonded electrostat ic and van der Waals interact ions was used. 3 1 The 

al l -atom force field OPLS -2005 was used for the photosensi t i zers . 3 0 

Molecular Dynamics s imulat ions were performed with Gromacs (release 

2019.1).3 2 Periodic Boundary Condit ions were appl ied in the three 

dimensions. For non -bonded interact ions a 1.2 nm cut -off was used, beyond 

which long-range electrostat ics interact ions were treated by Part ic le Mesh 

Ewald algor i thm. 3 3 Systems were minimized with steepest descent algor i thm. 

Ini t ial veloc i t ies were generated from a Maxwel l distr ibut ion at 300 K with 

a random seed. Molecular Dynamics s imulat ions were performed at constant 

temperature (T = 300 K) and pressure (P = 1 bar) with a 2fs timestep . 

TiO 2 surface, dyes and aqueous solut ions were coupled to V -rescale 

thermostats 3 4 every 0.1 ps and to Parr inel lo-Rahman barostat 3 5 every 2 

ps. Bonds involving hydrogen atoms were constrained with LINCS 

algor i thm. 3 6 For each system two 50 ns simulat ions were run and analysed 

every 100 ps. 



 
120 

5.6.5 Quanto-mechanical calculations.  

Ground state geometry optimizat ion of the dye was performed by a DFT 

calculat ion in vacuo, wi th PBE0 funct ional 3 7 and 6-31G* basis set by using 

the Gauss ian 16 program (revis ion A.03).3 8 HOMO and LUMO were visual ized 

with GaussView (vers ion 6.1).3 9 

5.6.6 Synthetic strategies  

NMR spectra were recorded with a Bruker Advance-Neo spectrometer 

operat ing at 400 MHz ( 1H) and 100 MHz ( 1 3C). Coupl ing constants are 

given in Hz. Absorpt ion spectra were recorded with a V -570 Jasco 

spectrophotometer . ATR FT-IR spectra were recorded with a PerkinElmer 

Spectrum 100. High resolut ion mass spectra have been recorded with an 

Agi lent 6230B Time of Fl ight (TOF) equipped with an electrospray (dual 

ESI) source. Compounds were purif ied using f lash chromatography with 

Merck grade 9385 si l ica gel 230 –400 mesh (60 Å). The glassware for 

water - free react ions was dried in a 130 °C oven for 4 h before use and 

then at tached to the vacuum pump. Inert atmosphere was generated by 

Schlenk technique using nitrogen flow. Convers ion was monitored by thin -

layer chromatography (Si l ica gel on TLC Al foi ls with fluorescent indicator 

254 nm) by using UV l ight (254 and 365 nm) as a visual iz ing agent . Al l 

reagents were obtained from commercial suppl iers at the highest puri ty 

grade and used without further purif icat ion . Anhydrous solvents were 

purchased from Acros Organics and used without further purif icat ion . 

Organic phases obtained after extract ion were dried with Na 2SO 4 and f i l tered 

before removal of the solvent by evaporat ion.  The PTZ-Th ,9 4,4,5,5 -

tetramethyl -2-(5-(4,4,5,5 - tetramethyl -1,3-dioxolan-2-yl)thiophen-2-yl) -1,3,2-

dioxaborolane, 1 4 5,11,17,23 -tetra- tert -butyl -25,26,27-tr ipropoxycal ix[4]arene 

(1),4 0 5,11,17,23 -tetra- tert -butyl -25,27-dipropoxycal ix[4 ]arene (3),1 2 

[Ru(bda)(pic) 2 ] ,1 0 and [Ru(bda)(ppy) 2 ] 1 1 have been synthes ized according to 

l i terature procedures .  

1,2 ,3- tr is - (propoxy) -4 -(butoxy-4- iodide) - te trakis -p- tert -butylcal ix[4]arene (2) . 

A mixture of 5,11,17,23 -tetra- ter t -butyl -25,26,27-tr ipropoxycal ix[4]arene 1 

(1.38 g, 1.78 mmol) , NaH 60% (0.085 g, 3.56 mmol) and 1,4 -di iodobutane 

(1.64 mL, 12.46 mmol) in dry DMF (170 mL) was st irred at room 

temperature for 5 hrs. A solut ion of 0.1 N HCl (150 mL) was then slowly 

added, the mixture was extracted twice with ethyl acetate (180 mL) and 

the organic phase was concentrated in vacuo unti l the formation of a 

prec ipi tate occurred. Methanol was added and the prec ipi tate was col l ected 

by Buchner fi l trat ion and further purif ied by column chromatography (s i l i ca 

gel , cyc lohexane- toluene 9:1, v/v) fol lowed by recrystal l izat ion from diethyl 

ether -e thanol obtaining white needle - l ike crystals . Yield: 79% (1.35 g, 1.41 

mmol). 1H NMR (400 MHz, CDCl3) : δ (ppm) 6.81-6.78 (m, 8H); 4.43 (d, 
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J = 12.6 Hz, 2H); 4.39 (d, J = 12.6 Hz, 2H) ; 3.90 (t, J = 7.2 Hz, 2H); 

3.83 (t, J = 7.0 Hz, 6H); 3.30 (t, J = 7.1 Hz, 2H); 3.14 (d, J = 12.6 Hz, 

2H); 3.13 (d, J = 12.6 Hz, 2H); 2.16 -2.12 (m, 2H); 2.07 -2.01 (m, 8H); 

1.11 (s, 9H) ; 1.10 (s, 9H); 1.09 (s, 18H) ;  1.04-1.00 (m, 9H) . 13C NMR 

(100 MHz, CDCl3): δ (ppm) 153.7; 153.6; 153.5; 144.5; 144.2 ; 133.9; 

133.8; 133.6; 125.0 ; 124.9; 124.8; 77.2 ; 76.9; 73.8 ; 33.8; 31.5; 31.3; 

31.1; 30.6 ; 23.4 ; 23.3 ; 10.4; 10.3 ; 6.4 .  

1,3-bis - (propoxy) -2,4 -bis - (butoxy-4- iodide) - tetrakis -p- tert -butylcal ix[4]arene 

(4) . A mixture of 5,11,17,23 -tetra- tert -butyl -25 ,27-dipropoxycal ix[4 ]arene 3 

(1.52 g, 2.08 mmol) , NaH 60% (0.33 g, 8.34 mmol) and 1,4 -di iodobutane 

(4.1 mL, 31.09 mmol) in dry DMF (250 mL) was st irred at room 

temperature for 3 hrs. A solut ion of 0.1 N HCl (200 mL) was then slowly 

added, the mixture was extracted twice with ethyl ac etate (180 mL) and 

the organic phase was concentrated in vacuo unti l the formation of a 

prec ipi tate occurred. After cool ing the flask at 0 °C the prec ipi tate was 

col lected by Buchner fi l trat ion and fur ther purif ied by column 

chromatography (s i l i ca gel , cyc lohexane- toluene 85:15, v/v) yielding the 

pure product as an oi ly res idue that becomes a sol id foam under high 

vacuum. Yield : 56% (1.28 g, 1.17 mmol). m.p. =181-182 °C 1H NMR (400 

MHz, CDCl 3) : δ (ppm) 6.81 (s, 4H) ; 6.79 (s, 4H) ; 4.40 (d, J = 12.4 Hz, 

4H); 3.89 (t, J = 6.8 Hz, 4H); 3.85 (t , J = 7.2 Hz, 4H); 3.31 (t, J = 6.9 

Hz, 4H) ; 3.15 (d, J = 12.4 Hz, 4H); 2.11-2 .16 (m, 4H); 2.00-2.08 (m, 

8H); 1.10 (s, 18H); 1.09 (s, 18H); 1.03 (t, J = 7.4 Hz, 6H). 1 3C NMR 

(100 MHz, CDCl 3) : δ (ppm) 153.5; 153.4 ; 144.5; 144.3; 133.8; 133.7; 

125.0; 124.9 ; 77.0 ; 73.8; 33.8; 31.5; 31.3 ; 31.1; 30.5; 23.5 ; 10.5 ; 6.5 .  

3,7-bis(5-(4,4,5,5 - te tramethyl -1,3 ,2-dioxaborolan -2-yl)thiophen-2-yl) -10H-

phenothiazine (5) . 3,7-dibromo-10H-phenothiazine (760 mg, 2.11 mmol) and 

Pd(dppf)Cl 2 ·CH 2Cl 2 (172 mg, 0.21 mmol) were dissolved in dimethoxyethane 

(12.5 mL) and st irred for 15 minutes under nitrogen atmosphere . Then 

4,4,5,5 - te tramethyl -2 -(5-(4,4,5,5 - tetramethyl -1,3-dioxolan-2-yl)thiophen -2-

yl) -1,3,2-dioxaborolane (1.50 g, 4.44 mmol) and K 2CO 3 (2.90 g, 21.1 mmol) 

were added as suspension in methanol (12.5 mL). The react ion was 

performed with microwave irradiat ion (100 °C , 70 W, 60 minutes) and then 

quenched by pouring into a saturated solut ion of NH 4Cl (50 mL). Fi l trat ion 

on Cel i te and extract ions were performed with CH 2Cl 2 (3 × 50 mL). The 

solut ion dried and the solvent evaporated. A mixture of PE /AcOEt (3:1) 

was used as eluent for purif icat ion through column chromatography on 

si l ica gel . The des ired product was isolated as a dark yel low sol id (1.10 

g, 1.80 mmol) with an 84% of yield. 1H NMR (Benzene-d6 , 400 MHz): δ 

(ppm) = 7.21 (d, J = 1.0 Hz, 2H) , 7.09 (dd, J = 7.2, 1.7 Hz, 2H), 6.99 

(d, J = 3.5 Hz, 2H), 6.75 (d, J = 3.5 Hz, 2H) , 6.24 (s, 2H), 5.76 (d, J = 

8.2 Hz, 2H) , 4.87 (s, 1H), 1.20 (s, 12H), 1.09 (s, 12H).  
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Compound 6 . NaH 60% (25 mg, 0.64 mmol) was added as a sol id to a 

solut ion of 5 (200 mg, 0.32 mmol) in anhydrous DMF (25 mL) kept at 0 

°C under N 2 atmosphere . The react ion mixture was al lowed to warm up to 

room temperature and, after 1 h, compound 2 (340 mg, 0.35 mmol) was 

added in a DMF solut ion (5 mL). The day after , the react ion mixture was 

poured in an ice bath and a yel low sol id prec ipi tated. It was fi l ter ed on 

Büchner and washed with water . The crude product was purif i ed using 

PE/Et2O eluent (1:1) , affording the product as a yel low sol id (450 mg, 

0.31 mmol , 97%) 1H NMR (400 MHz, CDCl 3) δ 7.39 – 7.33 (m, 4H), 7.08 

(dd, J = 3.7, 0.5 Hz, 2H), 7.04 (d, J = 3.7 Hz, 2H), 6.89 – 6.81 (m, 6H), 

6.73 (dd, J = 7.6, 2.4 Hz, 4H), 6.17 (d, J = 0.3 Hz, 2H), 4.40 (t, J = 

12.5 Hz, 4H), 3.99 – 3.92 (m, 4H), 3.89 – 3.73 (m, 6H), 3.12 (dd, J = 

12.5, 6.2 Hz, 4H), 2.25 – 2.15 (m, 2H), 2.11 – 1.90 (m, 8H), 1.36 (s, 

12H), 1.32 (s, 12H), 1.13 (s, 18H), 1.05 (s, 18H), 1.02 – 0.96 (m, 9H). 

Compound 8 . NaH 60% (91 mg, 2.27 mmol) was added as a sol id to a 

solut ion of 5 (253 mg, 0.41 mmol) in anhydrous DMF (10 mL) kept at 0 

°C under N 2 atmosphere . The react ion mixture was al lowed to warm up to 

room temperature and, after 1 h, compound 4 (212 mg, 0.19 mmol) was 

added in a DMF solut ion (5 mL). After 3 days, the react ion mixture was 

poured in an ice bath and extracted with AcOEt (3 × 25 mL) and washed 

with water (3 × 20 mL). The organic phase was dried, and the solvent 

evaporated. The crude product was purif ied using PE /Et2O eluent (1:1), 

affording the product as a yel low sol id (323 mg, 0.16 mmol , 82%). 1H 

NMR (400 MHz, CDCl 3) δ 7.38 – 7.32 (m, 8H) , 7.09 (dd, J = 3.7 , 0.5 Hz, 

4H), 7.03 (d, J = 3.7 Hz, 4H) , 6.86 (s, 4H) , 6.82 (d, J = 9.2 Hz, 4H), 

6.76 (s, 4H), 6.20 (d, J = 0.3 Hz, 4H) , 4.41 (d, J = 12.4 Hz, 4H), 4.05 

– 3.90 (m, 8H), 3.84 – 3.75 (m, 4H), 3.14 (d, J = 12.6 Hz, 4H), 2.27 – 

2.14 (m, 4H), 2.06 – 1.92 (m, 8H), 1.39 (s, 24H), 1.35 (s, 24H), 1.16 

(s, 18H), 1.08 (s, 18H), 1.00 (t, J = 7.5 Hz, 6H). 

General procedure A for the cleavage of the protect ive group for the 

aldehydic funct ional i ty . Pinacol ester precursor was dissolved in 10% 

HCl a q/THF (1:2). The mixture was heated at 50 °C for 4 h. The volume 

was reduced to 1/3, K 2CO 3 saturated aqueous solut ion (30 mL) and CH 2Cl 2 

(50 mL) were added. The mixture was separated and the organic phase 

dried. After the evaporat ion of the solvent evaporated . 

Compound 7 . Compound 7 was synthes ized according to general procedure 

A using as reagent compound 6 (450 mg, 0.31 mmol) , 30 mL 10% HCl a q/THF 

(1:2). The des ired product was isolated after purif icat ion through column 

chromatograph PE/Et 2O (1:1) as an orange sol id (230, 0.19 mmo l , 60%). 

1H NMR (400 MHz, CDCl 3) δ 9.87 (s, 2H), 7.71 (d, J = 4.0 Hz, 2H), 7.46 

(dd, J = 8.5, 2.2 Hz, 2H), 7.42 (d, J = 2.2 Hz, 2H), 7.29 (d, J = 3.9 Hz, 
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2H), 6.91 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 2.6 Hz, 4H), 6.75 (d, J = 2.5 

Hz, 2H), 6.72 (d, J = 2.5 Hz, 2H) 4.39 (t, J = 12.7 Hz, 4H), 4.05 – 3.89 

(m, 4H), 3.87 – 3.73 (m, 6H), 3.11 (t, J = 11.5 Hz, 4H), 2.27 – 2.15 

(m, 2H), 2.12 – 1.88 (m, 8H), 1.11 (d, J = 1.0 Hz, 18H), 1.05 (s, 18H), 

0.99 (dt, J = 14.1, 7.1 Hz, 9H) . 

Compound 9. Compound 9 was synthes ized according to general procedure 

A using as reagent compound 8 (328 mg, 0.16 mmol) , 30 mL 10% HCl a q/THF 

(1:2). The des ired product was isolated as an orange sol id  without any 

further purif icat ion (206 mg, 0.12 mmol , 75%). 1H NMR (400 MHz, CDCl 3) 

δ 9.86 (s, 4H, α) , 7.69 (d, J = 4.0 Hz, 4H), 7.37 (dd, J = 8.5, 2.2 Hz, 

4H), 7.32 (d, J = 2.1 Hz, 4H) , 7.24 (d, J = 3.9 Hz, 4H), 6.94 (s, 4H), 

6.81 (d, J = 8.6 Hz, 4H), 6.67 (s, 4H), 4.39 (d, J = 12.4 Hz, 4H), 4.03 

(t, 4H), 3.94 (t, 4H), 3.77 (d, J = 7.4 Hz, 4H), 3.14 (d, J = 12.5 Hz, 

4H), 2.32 – 2.20 (m, 4H), 2.05 – 1.90 (m, 8H), 1.27 (s, 18H), 1.21 (s, 

18H), 1.01 (t, 6H) . 

General procedure B for Knoevenagel condensation:  Aldehyde precursor (1 

equiv.) , cyanoacet ic ac id (5 equiv.) , and piper idine (6 equiv.) were 

dissolved in dry CHCl 3 (0.2 M) and warmed to ref lux for 8 h. After having 

the solvent evaporated , an aqueous solut ion of HCl 10% was added and 

the mixture was lef t under magnetic st irr ing for 5 h at room temperature. 

The sol id that prec ipi tated, was fi l tered , and washed with water .  

Cal ix -PTZ. Cal ix -PTZ was synthet ized according to general procedure B for 

Knoevenagel condensat ion using compound 7 (230 mg, 0.19 mmol) , 

cyanoacet ic ac id (162 mg, 1.9 mmol) , piper idine (190 mg, 2.24 mmol) and 

15 mL of dry CHCl 3 . The react ion was quenched with 18 mL of 10% HCl 

solut ion. The product was isolated as a dark purple sol id (223 mg, 0.16 

mmol) with 85% yield. FT-IR υ(cm - 1) : 2995–2812, 1710 (b) , 1574 (s) , 1485 

(w), 1444–1332 (s) , 1320–1132 (s) , 1125 (w), 1061 (w), 866 (w), 795 

(s) . 1H NMR (400 MHz, DMSO) δ 8.49 (s, 2H), 8.00 (d, J = 4.5 Hz, 2H), 

7.71 (d, J = 4.0 Hz, 2H), 7.64 – 7.58 (m, 4H), 7.19 (d, J = 8.4 Hz, 2H), 

6.83 (d, J = 2.3 Hz, 2H), 6.77 (d, J = 2.3 Hz, 2H), 6.67 (s, 2H), 6.64 

(s, 2H), 4.24 (dd, J = 20.3, 12.3 Hz, 4H), 4.10 – 4.05 (m, 2H), 3.13 – 

2.91 (m, 12H), 2.05 (dd, J = 18.6, 11.0 Hz, 2H), 1.97 – 1.83 (m, 8H), 

1.06 (s, 18H), 0.99 – 0.94 (m, 21H), 0.90 (t, J = 7.5 Hz, 6H) . HRMS 

(dual -ESI) m/z: calcd for [M - 2H] - C 8 5H9 5N3O 8S3 : 689.8067, found 689.8064. 

1 3C NMR spectrum was not recorded due to low solubi l i ty of the compound.   

Cal ix -PTZ 2 . Cal ix -PTZ 2 was synthet ized accord ing to general procedure B 

for Knoevenagel condensation using compound 7 (206 mg, 0.12 mmol) , 

cyanoacet ic ac id (217 mg, 2.4 mmol) , piper idine (212 mg, 0.246 mL, 2.49 

mmol) and 15 mL of dry CHCl 3 . The react ion was quenched with 30 mL 

of 10% HCl solut ion. The product was isolated as a dark purple sol id after 
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crystal l izat ion in CHCl 3 (203 mg, 0.10 mmol) with 85% yield.  FT-IR υ/cm -

1) : 3048–2830, 1733 (s) , 1568 (s) , 1444–1320 (s) , 1314–1143 (s) , 1063 

(w), 790 (w). 1H NMR (400 MHz, DMSO) δ 8.35 (s, 4H), 7.90 (d, J = 4.5 

Hz, 4H), 7.54 (d, J = 4.0 Hz, 4H) , 7.49 (dd, J = 8.5, 2.2 Hz, 4H) , 7.43 

(d, J = 2.2 Hz, 4H), 7.03 (d, J = 8.7 Hz, 4H), 6.79 (s, 4H), 6.70 (s, 4H), 

4.31 (d, J = 12.4 Hz, 4H), 4.03 – 3.88 (m, 8H), 3.72 (t, J = 7.4 Hz, 4H), 

3.06 (d, J = 13.1 Hz, 4H), 2.15 – 2.04 (m, J = 14.5, 7.4 Hz, 4H), 1.95 

– 1.81 (m, J = 14.6, 7.3 Hz, 8H), 1.07 (s, 18H), 1.00 (s, 18H).  HRMS 

(dual -ESI) m/z: calcd for [M - 2H] - C 1 1 4H1 1 0N6O 1 2S6 : 972.3180, found 

972.3188. 1 3C NMR spectrum was not recorded due to low solubi l i ty of the 

compound. 
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π π

In this section, I present an innovative design for DSPEC, 

which exploits the π -π stacking interaction between the dye 

and the WOC. In this case, the dye is functionalized with a 

graphene layer that should protect the photosensitizer from 

desorption and, at the same time, be able to interact with a 

suitable modified WOC via π -π interactions. The graphene layer 

should behave like an electron shuttle between the reduced 

WOC and the oxidized dye.  

This section is short because I started this project late, and 

every step of the synthetic pathway required an optimization 

study to increase the yield and some precautions to obtain 

pure products. Thus, I just present the synthetic pathway and 

the basic characterizations of the compounds I synthetized. In 

the end, the obtained H2N-TPAThTh will be converted to the 

RGO-dye system by the research group of Prof. Menna at the 

University of Padova. 

6.1 Introduction 

Carbon nanostructures have recently been explored in energy 

applications by the scientific community to increase the 

efficiency and stabil ity of the device . They are known for 

their superior properties, such as thermal conductivity, 

metall ic or semiconducting electronic behavior, and surface 

area.1 Among these materials, graphene is the most common, 

and it presents different chemical structures, such as 

graphene, graphene oxide, or reduced graphene oxide (RGO). 2 
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These structures differ in the density of the oxygenated 

groups, the lateral size of sheets, and the number of layers. 

Moreover, they can be functionalized with organic compounds 

through either a covalent or supramolecular strategy. 1 The 

covalent approach a llows a more stable linkage, ensures better 

proximity of the organic compounds to the graphene layer, 

provides good solubil ity, and thus enhances the electron -

transfer processes. However, a covalent bond causes the 

introduction of undesirable sp 3 defects in the electronic 

structure of the graphene. The supramolecular or non -covalent 

approach highly reduces the complexity of synthetic pathways 

and purifications involving the graphene suspensions and it 

avoids the modification of the electron cloud of the graphene. 

However, this configuration suffers from low stabil i ty and 

requires the dispersion of the organic molecules in the 

medium. 3 

Graphene has been used for solar applications as quantum dots 

for sensitizing SCs. 4 However, the first application in dye -

sensitized solar cells as a hybrid dyad composed of an organic 

push-pull dye and an RGO was published in 2017 by the group 

of Prof. Menna from the University of Padova and Prof. 

Abbotto from the University of Milano -Bicocca.5 In this case, 

an amino-functional ized triphenylamine-based dye was 

covalently bonded through the Tour reaction to an RGO layer. 

On the other side, it was functionalized with a carboxylic acid 

group to anchor the TiO 2. Thus, the D-π -A dye worked as a 

bridge between the SC and the RGO layer , keeping the latter 

facing the electrolyte solution. Though this system exhibited a 

lower photovoltaic performance compared to the DSSC with the 

reference dye, not including the RGO layer, it showed enhanced 

stabil i ty over time. This stabil ity was attribu ted to a more 

stable binding of the dye onto the SC thanks to the presence 

of the RGO protective layer. 
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Regarding solar fuels production, graphene -based materials 

have been used to replace the SC. Many photosensitizers have 

been covalently or non-covalently bound to it together with 

platinum nanoparticles or other HECs or WOCs. 6 - 8 Moreover, 

some molecular catalysts have been suitably modified with a 

pendant with a pyrene ring on one extremity in order to 

immobilize it on particular carbon nanostructures. 9 -12 

We aimed to develop a photoanode sensitized with an RGO-

combined dye linked to a molecular WOC. The WOC has been 

properly modified for exploiting non-covalent interactions with 

the RGO (Figure 41). We chose as WOC a published pyrene -

modified [Ru(bda)(pic) 2]13 known for its high efficiency in 

water oxidation and good stabil ity onto carbon nanostructures 

thanks to the π -π stacking. To the best of my knowledge , this 

is the first case where the RGO layer is not used in place of 

the SC but only as a support between the dye and the WOC. 

The purposes of this RGO layer are speeding up the charge 

transfer between dye and WOC and reducing the unwanted 

interactions between the SC and the WOC acting like a 

protective layer. 

 

Figure 41: Structures of the investigated compounds. 
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6.2 Design and synthesis 

The investigated photosensitizer is a triphenylamine-based D-

π -A dye characterized by a long π -spacer to collect a large 

portion of the solar radiation. Its donor moiety is 

functionalized with an amino group, mandatory to perform the 

arylation of the RGO layer through Tour reaction. The synthe tic 

pathway for H2N-TPAThTh is depicted in Scheme 6, and the 

final condensation with the RGO layer to obtain RGO-TPAThTh 

is depicted in Scheme 7.  

The synthetic pathway started from the 4 -bromo-N-(4-

nitrophenyl)-N-phenylaniline (1) synthesized following a 

literature procedure ,14 , 15 first nitrating the triphenylamine with 

sodium nitrate in acetic acid and dichloromethane, and then 

brominating with N-bromosuccinimide in N,N-

dimethylformamide. The obtained product was subjected to a 

palladium-catalyzed Suzuki -Miyaura cross-coupling performed 

with 5'-formyl-2,2' -bithiophene-5-boronic acid in a basic 

environment at 50 °C for 6 h. The next reaction was a 

Knoevenagel condensation performed with cyanoacetic acid and 

piperidine, then followed by a zinc -reduction of the nitro group 

to release the amino group. The last step will be a Tour 

reaction5 performed with pristine RGO in the presence of 

isoamyl nitrite, to finally obtain the dye-sensitized RGO. This 

last reaction will be performed at the University of Padova, 

once 200 mg of H 2N-TPAThTh will be obtained. All the further 

optical and electrochemical characterizations of the H2N-

TPAThTh are stil l in progress.  
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Scheme 6: Synthesis of H2N-TPAThTh. Reagents and conditions. i) 5'-

formyl-2,2'-bithiophene-5-boronic acid, [Pd(dppf)Cl 2] ∙DCM, K2CO3, Et3N, 

Me-THF-MeOH (1:1), 50 °C, 6 h; ii) cyanoacetic acid, piperidine, CHCl 3, 

reflux, 8 h; iii) Zn (powder), HCl 37%, EtOH-H2O (10:1), reflux, 1 h.  

 

 

Scheme 7: Synthesis of RGO-TPAThTh. Reagents and conditions. iv) 

pristine RGO, isoamyl nitrite, DMF, 80 °C 

In conclusion, this project is stil l in progress, and for now, 

just the synthetic pathway to yield the organic dye has been 

concluded. The following complexation with an RGO layer to 

obtain the desired RGO-TPAThTh will be performed at the 

University of Padova. Further efforts in this way will prove 

this innovative design in photoelectrochemical studies.  
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6.3 Experimental section 

6.3.1 General information 

NMR spectra were recorded with a Bruker Advance-Neo spectrometer 

operat ing at 400 MHz ( 1H) and 100 MHz ( 1 3C). Coupl ing constants are 

given in Hz. ATR FT-IR spectra were recorded with a PerkinElmer Spectrum 

100. Compounds were purif ied using f lash chromatography with Merck grade 

9385 si l ica gel 230–400 mesh (60 Å). The glassware for water - free 

react ions was dried in a 130 °C oven for 4 h before use and then attached 

to the vacuum pump. Inert atmosphere was generated by Schlenk technique 

using nitrogen flow. Convers ion was monitored by thin - layer 

chromatography (Si l ica gel on TLC Al foi ls with fluorescent indicator 254 

nm) by using UV l ight (254 and 365 nm) as a visual iz ing agent . Al l 

reagents were obtained from commercial suppl iers at the highest puri ty 

grade and used without further purif icat ion . Anhydrous solvents wer e 

purchased from Acros Organics and used without further purif icat ion . 

Organic phases obtained after extract ion were dried with Na 2SO 4 and fi l tered 

before removal of the solvent by evaporat ion. 4 -bromo-N-(4-ni trophenyl) -N-

phenylani l ine (1) was prepared fol lowing l i terature procedures. 1 4 , 1 5 

5' - (4-((4-ni trophenyl)(phenyl)amino)phenyl) - [2 ,2' - bi thiophene] -5-

carbaldehyde (2) . In oven-dr ied glassware, 1 (130 mg, 0.35 mmol) was 

dissolved in 2-methyltetrahydrofuran (10 mL) and methanol (10mL) under 

nitrogen atmosphere. The solut ion was degassed with nitrogen flow for 30 

min then 5' - formyl -2,2' -bi thiophene-5-boronic ac id (100 mg, 0.42 mmol) , 

Pd(dppf)Cl 2 (28 mg, 0.035 mmol) , K 2CO 3 (483 mg, 3.5 mmol) and 

tr iethylamine (4 drops) were added. The reac t ion mixture was st irred at 

room temperature and degassed with nitrogen flow for 3 min and then 

heated at 50 °C for 6 hours. After complet ion of the react ion as moni tored 

by TLC, the mixture was quenched by pouring into a saturated solut ion of 

NH4Cl (30 mL) and CH 2Cl 2 (30 mL). Fi l trat ion on Cel i te and extract ions 

with organic solvent al lowed to isolate the crude product, then purif ied 

through column chromatography on si l ica gel (n-heptane/AcOEt, 4:1) . The 

des ired product was isolated as a l ight -yel low sol id (78 mg, 0.14 mmol) 

with 46% yield. 1H NMR (400 MHz, CDCl 3) δ 9.87 (s, 1H), 8.07 (d, J = 

9.3 Hz, 2H), 7.68 (d, J = 4.0 Hz, 1H), 7.58 (d, J = 8.6 Hz, 2H), 7.40 (t, 

J = 7.8 Hz, 2H), 7.34 (d, J = 3.9 Hz, 1H), 7.27 (d, J = 4.0 Hz, 1H), 7.25 

(d, J = 3.9 Hz, 1H) , 7.22 -7.16 (m, 5H), 7.01 (d, J = 9.3 Hz, 2H) . 

2-cyano-3-(5' - (4-((4-ni trophenyl)(phenyl)amino)phenyl) - [2,2' - bi thiophen] -5-

yl)acryl ic ac id (3) . Compound 2 (78 mg, 0.16 mmol) , cyanoacet ic ac id (140 

mg, 1.60 mmol) , and piper idine (0.2 mL, 1,92 mmol) were dissolved in 5 
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mL of chloroform and warmed to ref lux for 5 h. After having the solvent 

evaporated , an aqueous solut ion of HCl 10% was added and the mixture 

was left under magneti c st irr ing for 1 h at room temperature . The sol id 

that prec ipi tated , was f i l tered, and washed with water . The des ired product 

was isolated as a red sol id (40 mg, 0.07 mmol) with 44% yield. 1H NMR 

(400 MHz, DMSO) δ 8.45 (s, 1H), 8.11 (d, J = 9.3 Hz, 2H), 7.96 (d, J = 

4.0 Hz, 1H), 7.80 (d, J = 8.6 Hz, 2H) , 7.65 (d, J = 3.9 Hz, 1H), 7.63 – 

7.59 (m, 2H), 7.49 (t , J = 7.8 Hz, 2H), 7.38 – 7.24 (m, 5H), 6.95 (d, J 

= 9.3 Hz, 2H) . 

3-(5' - (4-((4-aminophenyl) (phenyl)amino)phenyl) - [2,2' - bi thiophen] -5-yl) -2 -

cyanoacryl ic ac id (H 2N-TPAThTh) . To a room temperature solut ion of 3 (40 

mg, 0.07 mmol) in EtOH (10 mL), zinc powder (7 mg, 0.11 mmol) was 

added. After st irr ing for 5 min, HCl 37% (0.1 mL) and H 2O (1 mL) were 

added. The react ion mixture was ref luxed f or 1 h and then al lowed to cool 

to room temperature. The react ion mixture was fi l tered on cel i te, washed 

with EtOH and the solvent was evaporated with rotavapor . After addi t ion 

of a solut ion of potass ium carbonate , an orange sol id prec ipi tated and it 

was f i l tered. 1H NMR (400 MHz, DMSO) δ 8.11 (d, J = 9.4 Hz, 2H), 7.98 

(s, 1H), 7.78 (d, J = 8.7 Hz, 2H) , 7.63 (d, J = 4.5 Hz, 1H), 7.56 (d, J = 

3.9 Hz, 1H), 7.50 (d, J = 3.8 Hz, 1H) , 7.49 – 7.44 (m, 3H), 7.34 – 7.23 

(m, 5H), 6.94 (d, J = 9.4 Hz, 2H) . FT -IR υ/(cm - 1) : 2913, 1590, 1490, 

1055, 948. 1 3C NMR spectrum was not recorded due to low solubi l i ty of 

the compound. 
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In this section, I present the first examples of organic dye -

based dyads for application in DSPEC photoanodes. The 

covalent approach favors the formation of a more stable dyad, 

immobilizing the WOC on the SC surface at a fixed distance, 

thus avoiding detrimental charge recombination reactions 

between WOC and SC. 

In this case, an axial ligand of the common [Ru(bda)(pic) 2] is 

covalently connected to an organic push-pull dibranched dye. 

I investigated eight different designs changing the donor 

moiety, the distance between the dye and the WOC, and the 

different linkage positions on the pyridyl ring of the ligand. 

The different functionalizations added on the donor moiety of 

the dye did not influence the optical and electrochemical 

properties of the molecule. The dyads have been obtained by 

self-assembly directly on the electrode surface. Their correct 

formations have been evaluated through electrochemistry and 

XPS. 

The photoelectrochemical studies in a three -electrode DSPEC 

showed the enhanced photoelectrocatalytic performances of the 

dyad-sensitized electrodes compared with the dye -sensitized 

ones. FE have been calculated by means of collector -generator 

technique. These FE results were elevated and reproducible for 

the carbazole-based dyes. However, the phenothiazine -based 

ones presented many out-of-range values indicating a possible 

degradation of the dyads and a bad charge transfer.  

Moreover, IPCE, LHE, and APCE studies have been performed 

on CBZ-3Py+Ru and CBZ-4Py+Ru, further demonstrating the 

formation of the correct dyads and confirming the trend 
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obtained in the collector-generator investigations. Further 

investigation on the long-chain dyads is in progress to evaluate 

if the presence of higher mobility between the dye and the 

WOC portion can increase the efficiencies and speed up the 

charge transfers. 

 

Figure 42: Pictorial representation of the two portions of the dyad 

connected through a covalent bond between the dye and a ligand of 

the WOC. 

7.1 Introduction 

One last approach for DSPEC is the establishment of a covalent 

bond between the photosensitizer and the WOC. The covalent 

approach is the most promising because it gives more stabil ity 

to the system. In fact, with the immobilization of the WOC on 

the SC surface, it is possible to use pure aqueous media and 

develop a device , which can work in flow. Moreover, this 

approach ensures the confinement of the WOC away from the 

electrode surface. Although this approach is not yet mature 

in terms of device efficiency, the goal is to improve long -term 

stabil i ty and create a single supramolecular functional system, 

fully integrated and capable of performing all the necessary 

functions (light absorption, transfer, and transport of charges, 

water splitting, and dye regeneration) in an efficient, 

cooperative and interactive manner. 1 This can be possible 
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thanks to the structural and functional optimization of the 

single sub-units, their spatial proximity, and the stabil ity of 

the connections between them. 

Many examples exploiting ruthenium photosensitizers have 

been presented in the literature. 2 - 6 In these cases, a bidentate 

ligand complexed two ruthenium centers, with one acting as 

the dye and the other as the WOC. However, the first example 

of a dyad employing a [Ru(bda)(L) 2] - type WOC was the Ru-

ZnP, previously mentioned in paragraph 4.4. 7 This was also 

the first example of the use of abundant and non -precious 

metals in the photosensitizer portion. Despite this system 

obtaining a FE of 33% and a maximum IPCE of 18% at 424 

nm, it proved the advantages of the integrated systems with 

respect to the use of the single components. Authors suggested 

that the low performances could be improved with the use of 

photosensitizers presenting higher molar extinction coefficients 

in the visible region and higher oxidation potentials under 

aqueous environments as well as a more flexible structure to 

facil itate the radical coupling mechanisms. 

When I started this project, no examples of organic dye -based 

dyads for photoanode applications were present in the 

literature. The complete absence in the literature of organic -

based dyads for photoanodes is surprising, considering the 

prominent role of metal -free dyes in dye-sensitized solar 

applications, such as photovoltaics and, more recently, 

hydrogen generation.1 , 8 - 11 The only two examples employing an 

organic dye covalently bonded to a catalyst were in the state 

of the art photocathodes. In both cases, an azide -functional ized 

cobalt diamine–dioxime was subjected to copper-catalyzed click 

chemistry with an alkyne-functionalized organic dye. 12 , 13 

However, both designs did not obtain remarkable results in 

photoelectrochemical hydrogen evolution due to the high 

degradabil ity of the dyads and the presence of low and highly 

unstable photocurrents. 
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More recently, Reisner and coworkers published a 

diketopyrrolopyrrole dye-based dyad for photoanode 

applications (Figure 43).14 In this case, a diketopyrrolopyrrole 

was functionalized with a cyanoacrylic acceptor and anchor 

group for binding the TiO 2, and with a pyridyl ring on the 

other side to coordinate the ruthenium center of the WOC. 

This dyad obtained a FE for oxygen production of about 44% 

and a TON for the catalyst of 2.3. These disappointing results 

were attributed to the strong decrease in current during the 

water photolysis, which was mainly associated with catalyst 

detachment or decomposition rather than dyad desorption or 

chromophore decomposition. Regardless, this work 

demonstrated the possible application of metal -free organic 

dyes into molecular dyads for water oxidation. 

 

Figure 43: (a) Schematic representation of the water oxidizing dyad -

sensitized photoanode. (b) Structure of DPP-Ru with design features 

and electron transfer events. Image from ref 14. 

In this project, we investigated organic-based dyads 

characterized by a metal-free sensitizer covalently bonded to 

a ruthenium-based benchmark WOC, ([Ru(bda)(L)2]).15 For 

metal-free sensitizers, we have considered dibranched D-(π -A)2 

molecules whose classes have been previously investigated in 

many dye-sensitized photovoltaic and solar fuels production 

applications.16 -18 The donor moiety has been properly 

functionalized with a pyridine ligand , which is then used to 

coordinate the Ru center of the WOC complex. The pyridyl ring 
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has been covalently bound in different modalities, in order to 

explore the particular properties of each design in the 

photoelectrochemical oxygen evolution. An alkyl linker between 

the donor moiety and the pyridyl has been introduced to break 

the conjugation between the two entities (dye and catalyst), 

avoiding the perturbation of the optical, electrochemical , and 

catalytic properties of the two components and circumventing 

charge recombination processes. The dyads have been obtained 

directly through self -assembly on the electrode surface and 

have been characterized optically and electrochemically. 

Finally, the dyad-sensitized electrodes have been investigated 

in photoelectrochemical water oxidation by calculating the FE.  

7.2 Design and synthesis 

The investigated dyes and dyads are depicted in Figure 44 

and Figure 45. These compounds are divided in two families 

depending on the nature of the donor moiety. We considered 

four phenothiazine-based dyes, four carbazole -based ones, and 

the corresponding dyads. Phenothiazine and carbazole have 

been widely studied in the DSSC, DSPC, and DSPEC fields due 

to the possibil ity of forming a symmetrical dibranched dye 

characterized by two π -A branches that increase the l ight -

harvesting capabil i ty and the anchoring stabil ity of the 

system.1 , 10 , 1 8 , 19 These compounds differ in geometry (bent for 

the phenothiazine and planar for the carbazole) due to the 

sulfur atom present only in the phenothiazine structure that 

breaks the aromaticity. The central nitrogen atom of both 

designs can be easily functionalized through a nucleophilic 

substitution reaction. Despite the nature of the donor moiety, 

the structure of all investigated dyes is equal but for the 

functionalization site. The branches are composed of thienyl 

π -spacers followed by cyanoacrylic acceptor and anchor groups. 

The pyridyl ring is connected to the donor moiety through a 
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particular alkyl bridge. This alkyl bridge is important because 

it breaks the conjugation between the WOC and the dye, in 

order to limit charge recombination. In two cases, a simple 

methylene group is used as a bridging point while in the other 

two cases a propyl chain is used. The short -bridge compounds 

differ for the linkage position on the pyridyl ring; in one case 

through the para position (PTZ-4Py and CBZ-4Py) and in the 

other through the meta position (PTZ-3Py and CBZ-3Py). Also, 

the long-bridge compounds differ for the linkage position: para 

for PTZ-C3-4Py and CBZ-C3-4Py and meta for PTZ-Py and CBZ-

Py. PTZ-Py and CBZ-Py presented, also, an electron-

withdrawing ester group on the pyridyl ring that may affect 

the electronic properties of the WOC portion. 

The synthesis of most investigated dyes is depicted in Scheme 

8. The introduction of an electron-withdrawing group on the 

pyridyl ring required a different synthetic pathway. For this 

reason, the synthesis of PTZ-Py and CBZ-Py is depicted in 

Scheme 9. The general scheme starts with a palladium-

catalyzed Suzuki -Miyaura cross-coupling between a 10H-3,7-

dibromophenothiazine or 9H-3,6-dibromocarbazole and the 

pinacol ester of 5-formyl-2-thienylboronic acid 20 affording the 

intermediates 2a-b with protected formyl groups. A following 

alkylation reaction performed with sodium hydride as base and 

4-(bromomethyl)pyridine hydrobromide , 3-

(bromomethyl)pyridine hydrobromide, or 3-(pyridin-4-yl)propyl 

4-methylbenzenesulfonate as alkylating agent in anhydrous THF 

or DMF adds the functionalization site on the donor moiety. 

Subsequent acidic deprotection of the formyl groups and final 

Knoevenagel condensation with cyanoacetic acid in the 

presence of piperidine yield the desired sensitizers with the 

proper pyridine ligand. Acidification with citric acid 1 M 

aqueous solution allows the protonation of the carboxylic acids 

leaving the pyridyl ring free. 
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Figure 44: Molecular structures of the investigated phenothiazine-based 

dyes and dyads. 
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Figure 45: Molecular structures of the investigated carbazole-based dyes 

and dyads. 
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Scheme 8: Synthetic pathway for PTZ-4Py, PTZ-3Py, CBZ-4Py, CBZ-3Py, 

PTZ-C3-4Py, and CBZ-C3-4Py. Reagents and conditions: i) 4,4,5,5-

tetramethyl-2-(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-yl)-

1,3,2-dioxaborolane, Pd(dppf)Cl 2 ·CH2Cl2, K2CO3, DME/MeOH (1:1), 

microwave 100 °C, 70 W, 60 min; ii) 4 -(bromomethyl)pyridine 

hydrobromide or 3-(bromomethyl)pyridine hydrobromide or 3-(pyridin-

4-yl)propyl 4-methylbenzenesulfonate, NaH 60%, THF or DMF 

anhydrous, 0 °C, 30 min and then rt, overnight; iii) HCl 10%/THF 

(1:2), 50 °C, 2 h; iv) cyanoacetic acid, piperidine, CHCl 3 dry, reflux, 

8 h.  

PTZ-Py and CBZ-Py require the introduction of an ester bond 

in their molecular structure, thus the synthetic pathway is 

different from the other cases (Scheme 9). The synthesis of 

CBZ-Py has not been concluded before the submission of this 

thesis. In this case, the synthetic pathway starts with an 

alkylation reaction with 3-bromopropoxy(tert-

butyl)dimethylsilane 21 and sodium hydride in anhydrous DMF 

to afford the intermediates 5a-b. A following palladium-

catalyzed Suzuki-Miyaura cross-coupling performed in similar 

condition than the other case inserts the π -spacers with the 

aldehydic functionalizations. The cleavage of the alcoholic 

protection with tetra-n-butylammoniumfluoride in THF and 

subsequent Steglich esterification with nicotinic acid in 
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dichloromethane release the intermediates 8a. The synthesis of 

intermediate 8b is stil l in progress. The last Knoevenagel 

condensation performed with cyanoacetic acid and piperidine 

in chloroform yields the desired PTZ-Py and probably CBZ-Py 

could be obtained with the same conditions. Also in this case, 

a following acidification with citric acid 1 M aqueous solut ion 

allows the protonation of the carboxylic acids leaving the 

pyridyl ring free. 

All the final products have been fully characterized with 1H 

and 13C NMR, as well as melting point, FT -IR, and HRMS to 

check the required structures and purities.  

 

Scheme 9: Synthetic pathway for PTZ-Py and CBZ-Py. Reagents and 

conditions: v) (3-bromopropoxy)(tert-butyl)dimethylsilane, NaH 60%, 

anhydrous DMF, 0 °C, 30 min and then rt, overnight vi) 5-formyl-2-

thienylboronic acid, Pd(dppf)Cl2 ·CH2Cl2, K2CO3, DME/MeOH (1:1), 

microwave 90 °C, 200 W, 90 min; vii) tetra -n-butylammoniumfluoride, 

THF, 0 °C 5 min, rt, 3 h; viii) nicotinic acid, 4-(dimethylamino)pyridine, 

N,N ′-dicyclohexylcarbodiimide ,  CH2Cl2, -10 °C, 2 h, 0 °C, 5 h, ix) 

cyanoacetic acid, piperidine, CHCl 3 dry, reflux, 8 h. 

The synthetic attempt to synthetize an organic dye -based dyad 

is depicted in Scheme 10. Starting from the well -known 

[Ru(bda)(DMSO) 2] ,22 [Ru(bda)(pic)(DMSO)(CH 3CN)] was obtained 

after reaction in acetonitrile with stoichiometric 4 -picoline.23 

A stoichiometric amount of dye dissolved in 1 mL of dimethyl 
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sulfoxide was added to the methanol solution containing the 

previous intermediate and the mixture was heated at 55 °C 

under inert atmosphere for one day. However, the product was 

difficult to purify since it was only soluble in coordinating 

solvents, which destroy the complex. In fact, the ruthenium 

portion well dissolves in methanol while the dye portion only 

dissolves in dimethyl sulfoxide. 

To overcome this problem, the dyad was obtained by sel f-

assembly onto the electrode surface. The titanium dioxide 

electrode was soaked into a 2×10 - 4 M EtOH/DMSO (9:1) solution 

of the dye together with the precursor of the catalyst 

[Ru(bda)(pic)(DMSO)(CH 3CN)] in the same concentration. The 

films were left sens itizing for 3 h in the dark. Each electrode 

was rinsed with EtOH to eliminate any residues left on the 

surface. Since the ruthenium precursor does not carry any 

anchoring group, this final rinse ensures that the presence of 

ruthenium in the rinsed electrode can only be due to the 

formation of the desired complex with the functionalized dye, 

in turn, anchored to the SC via the acceptor-carboxylic 

functionality. 

 

Scheme 10: General procedure for the synthesis of the dyads in 

solution. Reagents and conditions: x) 4-picoline, acetonitrile, reflux, 1 

h; xi) MeOH, DMSO, reflux, 1 day. 
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7.3 Optical and electrochemical properties 

All the final products have been optically characterized both 

in solution (Figure 46) and adsorbed on 1-μm TiO2 film (Figure 

47). The main relevant optical parameters are collected in 

Table 5. The phenothiazine derivatives present approximately 

the same optical properties . The shapes of all the UV-spectra 

are similar, as are the molar extinction coefficients, confirming 

the non-influence of the functionalization site on the optical 

properties. The UV-vis spectra exhibit the typical two bands 

related to the π–π* absorption in the 300–450 nm range and 

to the ICT transition in the 400–600 nm range.24 The 

absorption maxima for the ICT transition are at ~470 nm for 

all the dyes, just a little red-shifted for PTZ-Py. Th carbazole-

based dyes, indeed, present the same ICT transition between 

400 and 550 nm, 25 but with two different trends: CBZ-3Py 

and CBZ-4Py exhibit a maximum of absorption around 450 nm, 

while CBZ-C3-4Py presents a red-shift of about 15 nm and a 

higher molar extinction coefficient. We hypothesize that the 

presence of a longer chain could reduce the aggregation of 

the molecules due to the planar structure of the carbazole. 

However, this hypothesis is stil l under investigation and it 

could be confirmed or rejected by the behavior of CBZ-Py once 

its synthesis is concluded. Moreover, it was not possible to 

perform the complete optical and electrochemical 

characterization of PTZ-C3-4Py for question of time. The 

characterization of PTZ-C3-4Py and the synthesis of CBZ-Py 

compounds are currently in progress. 

The UV-vis spectra of all the compounds on 1-μm TiO2 film 

show similar optical properties to the family they belong to, 

phenothiazine or carbazole. All the maxima of absorption are 

blue-shifted of about 20-30 nm due to the formation of an 

ester bond between the TiO 2 and the dye that reduces the 

electron-withdrawing strength of the acceptor groups. 
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Figure 46: UV-Vis spectra in DMSO solution of the phenothiazine-based 

dyes (left) and of the carbazole -based dyes (right). 

 

Figure 47: UV-Vis spectra on 1-µm transparent TiO2 film of the 

phenothiazine-based dyes (left) and of the carbazole -based dyes (right). 

The amount of dye loaded on the film was investigated by 

soaking the dye-sensitized film into a NaOH 0.1 M in EtOH-

H2O (1:1) until complete desorption of the dye and evaluating 

the amount of dye present in the solution with UV-vis 

spectroscopy. Interestingly, the 3Py-derivatives present a 50%-

higher dye-loading than the 4Py-derivatives. Instead, the long-

chain dyes exhibit a dye-loading between the 3Py and the 4Py 

derivatives, around the average values. Optical bandgaps were 

calculated by means of the Tauc plots 26 and listed in Table 5 

as well as λo ns e t . 
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Table 5: Optical parameters of investigated sensitizers in solution and 

on transparent TiO2 films. 

Dye 
λmax

[ a , b ] 

(nm) 

λ o n s e t [ a , b ] 

(nm) 

ε 

(M - 1  cm - 1) 

Dye 

loading [ c ] 

(nmol cm - 2) 

E g a p
o p t 

(eV) 

 soln fi lm soln fi lm   soln fi lm 

PTZ-4Py 
370 

472 

371 

450 
589 618 

27000 

±1000 
44.5 2.00 1.91 

PTZ-3Py 
370 

471 

371 

455 
586 624 

24900 

±400 
65.7 1.96 1.87 

PTZ-C3-4Py 
367 

467 
- 601 - 

28510 

±30 
- 1.93 - 

PTZ-Py 
370 

479 

370 

455 
600 648 

23400 

±300 
54.0 1.92 1.77 

CBZ-4Py 448 417 529 545 
34300 

±100 
37.1 2.26 2.12 

CBZ-3Py 447 413 528 546 
36000 

±2000 
55.8 2.26 2.14 

CBZ-C3-4Py 462 418 540 603 
45000 

±600 
42.2 2.20 1.95 

[a]  Dye solut ion 10 - 5 M in DMSO. [b] 1-µm transparent TiO 2 photoanode.   

[c ] 3.5-µm transparent TiO 2 photoanode 

 

The optical properties of the dyad-sensitized 1-µm TiO2 films 

were also investigated (Figure 48). The spectra remained 

similar to the ones of the bare dye -sensitized films. In some 

cases, the spectra are wider, perhaps due to a sort of 

aggregation on the films. The maxima are about in the same 

position except for PTZ-3Py+Ru and CBZ-C3-4Py+Ru where the 

maxima are shifted of about 30 nm.  

The electrochemical parameters are l isted in Table 6. The 

oxidation potentials were determined using CV and DPV in 

solution and adsorbed onto TiO2. In solution, some compounds 

presented irreversible oxidation peaks in the CV profile (Figure 

49), thus DPV was used to determine the oxidation potentials 

(Figure 50). The potential of the first oxidation peak for each 
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DPV curve in solution was considered as the oxidation potential 

of the dye and reported in Table 6. 

 

Figure 48: UV-Vis spectra on 1-µm transparent TiO2 film of the 

phenothiazine-based dyads (left) and of the carbazole -based dyads 

(right). 

Figure 49: CV of phenothiazine-based dyes (left) and carbazole -

based dyes (right) solubil ized in 0.1 M TBAClO4 in DMF 

degassed with nitrogen. 
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Figure 50: DPV of phenothiazine-based dyes (left) and carbazole -based 

dyes (right) solubilized in 0.1 M TBAClO4 in DMF degassed with 

nitrogen. 

Table 6: Electrochemical parameters of investigated sensitizers in 

solution and on 3.5-µm transparent TiO2 film. 

Dye 

V o x
[ a , b ]

 

(V vs 

Fc/Fc +)  

±10 mV 

HOMO [ a , b , c ] 

(eV) ±0 .05 eV 

E g a p
o p t 

(eV) 

LUMO [ a , b , d ] 

(eV) ±0 .05 eV 

 soln fi lm soln fi lm soln fi lm soln fi lm 

PTZ-4Py 0.45 0.50 -5.68 -5.73 2.00 1.91 -3.68 -3.82 

PTZ-3Py 0.42 0.47 -5.65 -5.70 1.96 1.87 -3.69 -3.83 

PTZ-Py 0.50 0.41 -5.73 -5.64 1.92 1.77 -3.81 -3.87 

CBZ-4Py 0.83 0.59 -6.06 -5.82 2.26 2.12 -3.80 -3.70 

CBZ-3Py 0.85 0.78 -6.08 -6.01 2.26 2.14 -3.82 -3.87 

CBZ-C3-4Py 0.67 0.54 -5.90 -5.77 2.20 1.95 -3.95 -3.82 

[a] in TBAClO 4 0.1 M in DMF. [b] 3.5-µm transparent TiO 2 photoanode in 

TBAClO 4 0.1 M in DMF. [c ]  Fc +/Fc = 5.23 eV vs. vacuum. [d] LUMO = 

HOMO + E g a p
o p t  

The electrochemical characterization of the dye -sensitized 

photoanodes was performed using CV with 0.1 M TBAClO4 in 

CH3CN and it is reported in Figure 51. Also, in this case most 

of the photoanodes present an irreversible oxidation peak, 

thus also DPV is reported (Figure 52). However, for the 

carbazole-based dyes the DPV did not present any signal, thus 
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the oxidizing potentials were determined from the onset of 

oxidation peak in the CV profiles. 

 

Figure 51: CV on 3.5-µm transparent TiO2 films of the phenothiazine-

based dyes (left) and carbazole -based dyes (right) in 0.1 M TBAClO4 

in CH3CN degassed with nitrogen. 

 

Figure 52: DPV on 3.5-µm transparent TiO2 films of the phenothiazine-

based dyes in 0.1 M TBAClO 4 in CH3CN degassed with nitrogen. 

The HOMO of the dyes were obtained by direct conversion of 

the oxidation potentials, while the LUMO levels were derived 

by adding the optical bandgaps to the HOMO. The energy levels 

are schematically depicted in Figure 53. As required, all dyes 
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present a LUMO at higher energy than the CB of TiO 2 (~4.00 

eV),27 thus ensuring the transfer of the excited electrons into 

the CB of the SC.  

 

Figure 53: Schematics of calculated energy levels (vs vacuum) of the 

investigated dyes in comparison with TiO 2 CB. 

7.4 Characterization of the photoanodes 

The electrochemical properties of the dyad -sensitized anodes 

have been investigated by CV and compared with those of the 

dye and the precursor of the catalyst Ru, 

[Ru(bda)(pic)(DMSO)(CH3CN)] (Figure 54). Dye- and dyad-

sensitized electrodes have been prepared as described in 

paragraph 7.2. In the same way, an electrode was soaked in 

a Ru 2×10 - 4 M DMSO/EtOH (1:9) solution for 3 h and then 

rinsed with EtOH to remove all unbound compounds. Ru does 

not have any anchor group for TiO 2, thus, as the blue line 

shows in Figure 54, the electrochemical investigation of the 

Ru-sensitized electrode does not present any signal. In this 

way, if ruthenium is present on our electrodes, it is because 

it should be coordinated to our dyes. 
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Figure 54: CV of 3.5-μm-TiO2 films sensitized with CBZ-4Py+Ru (a), 

PTZ-4Py+Ru (b), and CBZ-3Py+Ru (c), PTZ-3Py+Ru (d), CBZ-C3-4Py (e), 

and PTZ-Py (f) compared with the corresponding dyes in 0.1 M TBAClO4 

in CH3CN degassed with nitrogen. CE = Pt wire, RE = Ag/Ag +, scan rate 

50 mV s - 1.  
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As shown in Figure 54, the dyad-sensitized electrode presents 

a different behavior than the dye-sensitized films. In the 

majority of the cases the current density highly increases, 

especially at ~+1.2 V vs NHE that corresponds to the beginning 

of the water oxidation wave. 28 All carbazole-based dyads 

exhibit an oxidation bump around +1.1 V vs NHE and most 

dyads a reduction peak in the +0.6–0.9 V vs NHE range that 

is not present in the profile of the dyes. These signals could 

be ascribed to the ruthenium portion, 14 , 29 thus indicating the 

correct formation of the dyads. 

Moreover, five dyad-sensitized samples and five dye-sensitized 

samples were subjected to XPS analysis to confirm the 

formation of the anchored dyads (PTZ-4Py, PTZ-3Py, PTZ-Py, 

CBZ-4Py, CBZ-3Py). PTZ-C3-4Py and CBZ-C3-4Py have not been 

synthesized yet when we did this investigation. The research 

group of Prof. Fenwick at the Queen Mary University of London 

performed the XPS analysis. The XPS survey spectra on the 

dye- and dyad-sensitized films show the sulphur and nitrogen 

peaks on the TiO2 surface, thus supporting the presence of 

the dye portion in both spectra (Figure 55). Ruthenium peaks 

are not resolved in the survey spectra due to the close 

proximity to the carbon peak. The core–electron binding energy 

of C 1s and Ru 3d 5/2 are plotted in Figure 56: C 1s peaks of 

carbon atoms are visible at 285.4 eV (C-C/C-H), 286.9 eV (C-

O) and 289.5 eV (O-C=O) (Figure 57).30 After adsorption of the 

dyads, the intensity of C-O peak is lowered with respect to C-

C/C-H and O-C=O. This can be attributed to the presence of O -

C=O groups on the dyads at the binding positions. The XPS 

spectra of the ruthenium complexes show the peak for Ru 

3d5/2 with a binding energy of 281.7 eV, thus supporting the 

presence of the Ru complex in the dyad. Meanwhile, Ru 3d 3/2 

peaks are hidden by the C 1s peak. 31 , 32 The presence of the 

dyads is further supported by the N 1s peak shift to higher 

binding energy (core-level shown in Figure 58), which is more 
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important in the PTZ-4Py+Ru and CBZ-3Py+Ru dyad (~ 1 eV). 

Finally, the valence-band XPS (Figure 59) contains the overlap 

of the O 2p and Ru 4d peaks. The increase in intensity of 

the Ru 4d region (<3.5 eV) confirms the presence of the 

coordination complex. 

 

Figure 55: XPS, survey spectra of the analyzed compounds compared 

to the TiO2 spectrum; core-levels involved in the bonding interaction 

between TiO2 and the dyes are labelled in bold.  
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Figure 56: XPS spectra of the high-resolution core level for C 1s and 

Ru 3d region of the analyzed compounds compared to the bare TiO 2. 

 

Figure 57: XPS positions of the C 1s peaks of the different carbon 

atoms.  



 
157 

 

Figure 58: XPS spectra of the high-resolution core level for N 1s 

region of the analyzed compounds compared to the bare TiO 2. 
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Figure 59: On the left, XPS valence-level spectrum of the analyzed 

compounds compared to the bare TiO 2, on the right the enlargement of 

the spectrum in the region where the contribution of ruthenium is 

clearly visible below 3.5 eV. 

7.5 Photoelectrochemistry 

The abili ty of the dyad-sensitized PEC to perform the 

photoinduced water splitting reaction was measured through 

photoelectrochemical measurements under white light 

il lumination (200 W Xe lamp, 420< λ <800 nm) in 0.1 M Na 2SO4 

aqueous solution at pH 5.8. The potential at which the best 

light/dark ratio was recorded in LSV experiments was used as 

bias in the following CA and oxygen generation experiments 

(Figure 60). For al l samples , a bias of +0.5 V vs NHE was 

chosen. However only the short-chain dyad-sensitized electrodes 

have been tested in 10-min-CA experiments and compared with 

the dye-sensitized ones (in the absence of the ruthenium WOC 

portion). The results obtained are shown in Figure 61. The 

irradiation was chopped every 60 s for the first 5 min, then 

the electrodes were illuminated with continuous light for the 

last five minutes. In all cases, the dye-sensitized electrode 

was less efficient compared to the dyad -sensitized electrode. 

The photocurrents recorded at the end of the 10 -min-CA 
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experiments for the dyad- and the dye-sensitized electrodes 

are reported in Table 7, as well as the difference between 

them.  

 

Figure 60: LSV of TiO2 films sensitized with CBZ-4Py+Ru (a), PTZ-

4Py+Ru (b), CBZ-3Py+Ru (c), PTZ-3Py+Ru (d), CBZ-C3-4Py+Ru (e), and 

PTZ-Py+Ru (f) in 0.1 M Na2SO4 (aq) at pH 5.8 under chopped illumination 

(200 W Xe lamp; 420<λ <800 nm). 
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Figure 61: CA of TiO2 films sensitized with CBZ-4Py+Ru (a), PTZ-4Py+Ru 

(b), CBZ-3Py+Ru (c), and PTZ-3Py+Ru (d) compared with the 

corresponding dyes in 0.1 M Na2SO4 (aq) at pH 5.8 under chopped 

illumination (200 W Xe lamp; 420<λ <800 nm). 

The CBZ-3Py-sensitized electrode exhibited a negligible 

photocurrent of 3.5 μA cm - 2, while the corresponding dyad 

CBZ-3Py+Ru presented an 8-times higher photocurrent (25 μA 

cm - 2) at the end of the experiment. Also , in the case of CBZ-

4Py (8.6 μA cm - 2) and the corresponding dyad CBZ-4Py+Ru (30 

μA cm - 2), a performance increase for the latter was observed, 

but it was less pronounced. These values correspond well to 

the behavior of other organic sensitizers reported in the 

literature.32 -3 4 PTZ-3Py+Ru and PTZ-4Py+Ru exhibited current 

densities higher than the corresponding dyes; however, the 

values obtained were lower than 1 μA cm - 2. 
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Table 7: Photocurrent densities obtained from CA measurements 

(charge passed over 10 min illumination) in dye- and dyad-

sensitized PEC. 

Dye 

j 1 0  

(μA cm - 2) 

Δ j [ c ] 

(μA cm - 2) 

Dye [ a ] Dye+Ru [ b ]   

PTZ-4Py 0 0.6 0.6 

PTZ-3Py 0.1 0.7 0.6 

CBZ-4Py 8.6 30 21.4 

CBZ-3Py 3.5 25 21.5 

[a]  Current densi ty at the end of the 10 -min-CA experiment for the dye -

sensi t ized electrode. [b ] Current densi ty at the end of the 10-min-CA 

experiment for the dyad -sensi t ized electrode. [c ]  Variat ion in current 

densi ty between the dyad - and the corresponding dye -sensi t ized electrode 

after the 10-min-experiement.  

 

CBZ-4Py+Ru- and CBZ-3Py+Ru-sensitized electrodes have been 

also tested in a 2-h-CA experiment to evaluate the long-term 

stabil i ty of these systems 

 

Figure 62: 2-hours-CA of TiO2 films sensitized with CBZ-3Py+Ru (left) 

and CBZ-4Py+Ru (right) in 0.1 M Na2SO4 (aq) at pH 5.8 with an applied 

bias of ~0.5 V vs NHE under illumination (200 W Xe lamp; 420< λ <800 

nm). 

The O2 evolution was measured by means of the collector-

generator technique,35 as recently reported by many studies 
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on DS-PEC water splitting1 , 4 , 3 5 - 39 and previously described in 

paragraph 4.2. The FE obtained in every experiment is 

reported in Table 8, as well as the average FE on four 

experiments. Collector-generator experiments were performed 

only on the short-chain dyads and the obtained graphs are 

reported in Figure 63.  

Table 8: FE and average FE on four collector -generator experiments.  

Dyad 

FE (%) 

Experiment n ° 
Average FE [ a ]  

(%) 
1 2 3 4 

PTZ-4Py+Ru 66 103 110 500 ~195 [ b ] 

PTZ-3Py+Ru 82 97 120 300 ~150 [ b ] 

CBZ-4Py+Ru 46 57 63 65 58  12 

CBZ-3Py+Ru 77 85 91 95 88  9 

[a] FE as average on four experiments . [b] Further comments in the 

text . 

 

The carbazole-based dyes showed high reproducibil ity of the 

data and excellent FE (88% average across all cells, with the 

best cell efficiency of 95% for CBZ-3Py+Ru) higher than most 

of the ones presented in the literature for similar systems. 1 , 7 , 14  

The FE of the phenothiazine-based dyes cannot be considered 

representative because they present some out -of-range data 

higher than 300% or 500% together with the evolution of 

really low photocurrents in the order of 1 nA cm - 2. This may 

be related to the presence of side reduction reactions that 

happen at the collector. We hypothesize that these dyads may 

not be stable and degrade while oxidizing water. It could result 

in the generation of low photocurrents and the detachment of 

pieces of dye and catalyst from the photoanode that can be 

reduced by the collector, whose potential is kept at ~ -0.6 V 

vs NHE. The presence of UV-vis-active dissolved species in the 

electrolyte and the discoloration of the photoanode at the end 

of the experiment could further support this hypothesis. 
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Figure 63: Collector–generator plot of the dyad-sensitized electrodes, 

CBZ-4Py+Ru (a), PTZ-4Py+Ru (b), CBZ-3Py+Ru (c), and PTZ-3Py+Ru (d). 

Black line: current–time trace at illuminated (200 W Xe lamp; 420 < λ 

< 800 nm) dyads-sensitized TiO2 electrode in 0.1 M Na2SO4 at pH 5.8 

with an applied bias of ~+0.5 V vs NHE. Red line: current–time traces 

at an FTO collector electrode, 400 μm from the photoanode at an 

applied bias of ~-0.6 V vs NHE measured concurrently with the 

photoelectrochemical–time trace.  

A further evaluation of the efficiency of some films was 

performed with the investigation of the IPCE. IPCE spectra of 

CBZ-4Py+Ru- and CBZ-3Py+Ru-sensitized electrodes are shown 

in Figure 64. In both cases, the IPCE trend corresponds well 

to the UV-vis spectrum of the compounds presenting an IPCE 

of 16% and 14% at the λmax of CBZ-3Py+Ru and CBZ-4Py+Ru, 

respectively. The higher intensity in the signal of CBZ-3Py+Ru 

agrees with the trend in the FE. Moreover, the IPCE of dyad -

sensitized films are compared with the relatives of the 

corresponding dye-sensitized films, showing a significant 
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difference between them in agreement with the 

photoelectrochemical experiments. These results further 

support the formation of the dyads by self -assembly on the 

electrode surface and present higher or similar IPCE with 

respect to the most remarkable dyads present in the 

literature.7 , 14 

 

Figure 64: IPCE of dyad-sensitized TiO2 films of CBZ-3Py+Ru (left) and 

CBZ-4Py+Ru (right) compared with the corresponding dye -sensitized 

film. Experiments performed in 0.1 M Na 2SO4 at pH 5.8 with an applied 

bias of +0.5 V vs. NHE under monochromatic illumination. 

The LHE of both dyad-sensitized electrodes was also measured 

to calculate the APCE following Eq. 4.4. LHE and APCE spectra 

are presented in Figure 65. 

 

Figure 65: LHE (left) and APCE (right) spectra of CBZ-3Py+Ru- and 

CBZ-4Py+Ru-sensitized TiO2 films. 
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The notably higher efficiency of CBZ-3Py+Ru, compared with 

CBZ-4Py+Ru, could be ascribed to the fact that in the former 

dyad the rotation around the single bond (between the 

methylene bridge and the quaternary carbon atom of pyridine) 

allows the catalyst portion to come closer to the dye. 

Therefore, a more efficient charge transfer between the dye 

and the catalyst fragment of the dyad is ensured. 

In conclusion, we presented a series of eight dyes and eight 

corresponding dyads obtained exploiting a covalent bond 

between the dye and a ligand of the catalyst. The dyads have 

been obtained by self -assembly of the dye and the WOC portions 

directly on the electrode surface. The optical and 

electrochemical properties of both dyes and dyads have been 

reported. The correct formation of the dyads has been 

confirmed by XPS and electrochemistry. Most dyads have been 

tested in PEC and their FE in oxygen evolution has been 

measured with the collector-generator technique. The 

phenothiazine-based dyads showed a high liabil ity of the 

photosystem and low current densities, while the carbazole -

based dyads presented a good reproducibil ity of the data and 

high FE, as well as IPCE. The CBZ-3Py+Ru obtained an average 

efficiency of nearly 90% and the best cell efficiency of 95% 

that result in being the highest with the respect to the actual 

state of the art for similar systems. 7 , 14 Further investigations 

in the evaluation of the long-chain dyads in 

photoelectrochemical water oxidation are in progress. These 

results trigger new perspectives for the design of effic ient 

covalent molecular dyads based on metal -free dyes for DS-PEC 

water splitting. 
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7.6 Experimental section 

7.6.1 Spectroscopic and electrochemical investigation 
of dyes 

Absorption spectra were recorded with a V -570 Jasco spectrophotometer . 

UV-O 3 treatment was performed using Novascan PSD Pro Ser ies – Digi tal 

UV Ozone System. The thickness of the layers was measured uti l iz ing a 

VEECO Dektak 8 Stylus Profi ler . CV was carr i ed out at a scan rate of 50 

mV s - 1 , us ing a Bio - logic SP-240 potentiostat in a three -el ectrode 

electrochemical cel l under Ar. The working, counter, and the pseudo -

reference electrodes were an FTO glass for the carbazole -based dyes and 

glassy carbon for the phenothiazine -based dyes in solut ion or a sensi t ized 

3-µm-thick TiO 2 fi lm, a Pt wire, and an Ag/Ag + electrode (0.01 M AgNO 3 

0.1 M TBAClO 4 in ACN). The electrolyte solut ions were TBAClO 4 0.1 M in 

DMF for the character izat ion in solut ion, and TBAClO 4 0.1 M in DMF for 

the character izat ion on fi lms. The preparat ion and sensi t izat ion o f the 3.5 

µm thick TiO 2 fi lm are descr ibed below. The Pt wire was sonicated for 15 

min in deionized water , washed with 2 -propanol , and cycled for 5 times 

in 0.5 M H 2SO 4 before use. The Ag/Ag + pseudo-reference electrode was 

cal ibrated by adding ferrocene (10 - 3 M) to the test solut ion after each 

measurement (potential s measured versus Fc/Fc + and converted to NHE by 

addit ion of +0.69 V) . 4 0 NHE was converted to vacuum by addit ion of -4.6 

V.4 1 

7.6.2 Preparation of photoanodes 

The photoanodes have been prepared as descr ibed below, adapting a 

procedure reported in the l i terature. 4 2 Al l the containers used were in 

glass or Teflon and were treated with EtOH and 10% HCl before use to 

exclude metal contamination. FTO glass was cleaned in a detergent so lut ion 

for 15 min using an ultrasonic bath, r insed with pure water and EtOH. 

After treatment in a UV-O 3 system for 18 min, a transparent act ive layer 

of 0.8 cm 2 was screen -pr inted using Dyesol 18NR-T act ive transparent TiO 2 

paste. The coated fi lms were thermal ly treated at 125 °C for 6 min, 325 

°C for 10 min, 450 °C for 15 min, and 500 °C for 15 min. The heating 

ramp rate was 5 - 10 °C/min.  

FTO plates coated with 3.5 µm transparent TiO 2 fi lm, prepared as desc r ibed 

above, were treated in a UV-O 3 system for 20 min at room temperature , 

then immersed into a 2 × 10 - 4 M solut ion in EtOH/DMSO (9:1) of the dye 

+ catalyst precursor for 3 h at room temperature in the dark. The stained 

substrates were rinsed with EtOH and dried with a stream of dry nitrogen. 
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The UV-Vis spectra, CV and LSV were recorded in comparison with a bare 

3.5 µm transparent TiO 2 fi lm. 

7.6.3 X-ray photoelectron spectroscopy 
measurements 

XPS was performed on Thermo Scienti f ic K -Alpha X-ray photoelectron 

spectrometer with a monochromatic Al Kα X-ray source under high vacuum 

(2  ×  10 − 8  mbar) , us ing an electron flood gun to avoid sample charging. The 

data fi tt ing was performed by Thermo Avantage v5.9911 software, us ing 

mixed Gauss -Lorentz funct ions. 

7.6.4 Oxygen evolution quantification by collector -
generator technique and Photoelectrochemistry 

The dyad-sensi t ized photoanode was i l luminated under an appl ied bias , thus 

act ing as an O 2 generator. An FTO electrode (previous ly c leaned via 15 

min sonicat ion in EtOH) was sandwiched to the photoanode (with both 

conduct ing sides fac ing inward), in order to be used as the col lector , i .e. , 

the electrode at which the reduct ion of the evolved O 2 takes place. The 

sandwiched device was held together by 4 layers of unstret ched parafi lm 

(ca. 400 μm spacing), sealed by press ing at 65 °C for 60 s. The two 

lateral s ides of the C -G sandwich were left open, al lowing for the f i l l ing 

of void space between electrodes with electrolyte solut ion by capi l lary 

forces. Both the photoanode generator and the FTO col lector were contacted 

using Cu tape (also covered by the parafi lm layers) , and respect ively 

connected to the two working electrodes of a bipotentiostat (Autolab PGSTAT 

302 N). An Ag/AgCl electrode and a Pt wire were used as the re ference 

and the counter electrode. The sandwich was then immersed in degassed 

Na2SO 4 0.1 M solut ion (pH 5.8) and i l luminated with a 200 W Xenon lamp 

(using a LOT-Or iel xenon white l ight source , equipped with a 420 nm cut -

off f i l ter to minimize TiO 2 contr ibut ion and an IR fi l ter to avoid cel l 

warming). The generator electrode was held at 0.3 V vs Ag/AgCl bias , 

whi le the col lector at -0.8 V vs Ag/AgCl , identi f ied in l i terature as the 

optimal O 2 reduct ion potential . 3 5 The col lector -generator eff ic iency of the 

set -up under our exper imental condit ions turned out to be 82%, in good 

agreement with the one reported by the Finke 4 3 group on a very simi lar 

set -up ( i .e . , with a smal l gap between the generator and col lector) .  

Photoelectrochemistry has been performed in s imi lar condit ion. The working, 

counter, and the pseudo -reference electrodes were a sensi t ized 3 -µm-thick 

TiO 2 fi lm, a Pt wire and an Ag/AgCl (KCl 3 M) electrode. The electrolyte 

solut ions were Na2SO 4 0.1 M aqueous solut ion at pH 5.8. The photoanode 

generator was contacted using Cu tape and al l electrodes were connected 

to a bipotentiostat (Autolab PGSTAT 302 N).  The DSPEC was i l luminated 
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with a 200 W Xenon lamp (using a LOT -Or iel xenon white l ight sou rce, 

equipped with a 420 nm cut -off f i l ter to min imize TiO 2 contr ibut ion and 

an IR fi l ter to avoid cel l warming).  

7.6.5 Synthesis 

NMR spectra were recorded with a Bruker AMX -500 spectrometer operat ing 

at 500.13 MHz ( 1H) or Bruker Advance Neo spectrometer operat ing at 400 

MHz ( 1H) and 100 MHz ( 1 3C). Coupl ing constants are given in Hz. High 

resolut ion mass spectra have been recorded with an Agi lent 6230B Time 

of Fl ight (TOF) equipped with an electrospray (Dual ESI) source. Flash 

chromatography was performed with Merck grade 9385 si l ica gel 230 –400 

mesh (60 Å). React ions performed under inert atmosphere were performed 

in oven-dr ied glassware, and a nitrogen atmosphere was generated with 

Schlenk technique. The convers ion was monitored by thin - layer 

chromatography by using UV l ight (254 and 365 nm) as a visualiz ing 

agent . Al l reagents were obtained from commercial suppl iers at the highest 

puri ty grade and used without further purif icat ion. Anhydrous solvents 

were purchased from Acros Organics and used without fur ther purif icat ion. 

Extracts were dried with Na 2SO 4 and fi l tered before removal of the so lvent 

by evaporat ion . Compounds 10H-3,7-dibromophenothiazine (1a),4 4 9H-3,6-

dibromocarbazole (1b),4 5 4,4,5,5 - tetramethyl -2- [5 -(4,4,5,5 - te tramethyl -1,3-

dioxolan-2-yl)thiophen-2 -yl ] -1,3,2 -dioxaborolane, 2 0 (3-bromopropoxy) - tert -

butyldimethyls i lane ,2 1 [Ru(bda)(DMSO)(MeCN)(pic) ] 23 were prepared 

according to l i terature .  

3-(pyridin -4-yl)propyl 4-methylbenzenesulfonate . To a solut ion of4-

Pyridinepropanol (150 mg, 1.09 mmol) in DCM (1 mL) 

benzyltr imethylammonium chlor ide (10 mg, 0.05 mmol) and 1 mL NaOH a q 

(30%) are added. p- toluenesulfonyl chlor ide (230 mg, 1.2 mmol) solubi l ized 

in 1 mL of DCM is added dropwise. The solut ion is left st irr ing at room 

temperature overnight . The react ion is quenched adding H 2O (20 mL) and 

extract ing with DCM 3 times. The organic phases are washed with water 

5 times. The crude product is purif ied by si l ica pad (DCM/EtOH, 4:1) . The 

product was isolated as a yel lowish oi l (240 mg , 0.82 mmol , 75%). 1H 

NMR (400 MHz, DMSO) δ 8.41 (dd, J = 4.4, 1.6 Hz, 2H), 7.79 (d, J = 8.3 

Hz, 2H), 7.49 (dd, J = 8.6, 0.6 Hz, 2H), 7.13 (d, J = 6.0 Hz, 2H), 4.01 

(t, J = 6.3 Hz, 2H), 2.63 – 2.55 (m, 2H), 2.43 (s, 3H), 1.94 – 1.86 (m, 

2H). 

3,7-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan-2-yl)thiophen-2-yl) -10H-

phenothiazine (2a) . 10H-3,7-dibromophenothiazine (760 mg, 2.11 mmol) and 

Pd(dppf)Cl 2 ·CH 2Cl 2 (172 mg, 0.21 mmol) were dissolved in dimethoxyethane 

12.5 mL and st irred for 15 min under nitrogen atmosphere. Then 4,4 ,5,5 -

tetramethyl -2- [5 -(4,4 ,5,5 - tetramethyl -1,3-dioxolan-2-yl)thiophen-2-yl ] -1,3,2 -
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dioxaborolane (1.50 g, 4.44 mmol) and methanol (12.5 mL) were added, 

and the solut ion was st irred for 15 min under nitrogen a tmosphere . In the 

end, K 2CO 3 (2.90 g, 21.1 mmol) was added to the solut ion and t he react ion 

was performed with microwave irradiat ion (100 °C, 70 W, 60 min) and 

then quenched by pouring into a saturated solut ion of NH 4Cl (70 mL) and 

CH2Cl 2 (70 mL). Fi l trat ion on Cel i te and extract ions with organic solvent 

al lowed to isolate the crude product , then purif ied through column 

chromatography on si l ica gel  (petroleum ether/AcOEt, 3:1 ). The des ired 

product was isolated as a l ight -yel low sol id (1.10 g, 1.80 mmol) with 84% 

yield. 1H NMR (Benzene -d 6 , 500 MHz): δ (ppm) = 7.21 (d, J = 1.0 Hz, 2H), 

7.09 (dd, J = 7.2, 1.7 Hz, 2H), 6.99 (d, J = 3.5 Hz, 2H) , 6.75 (d, J = 

3.5 Hz, 2H), 6.24 (s, 2H), 5.76 (d, J = 8.2 Hz, 2H) , 4.87 (s, 1H) , 1.20 

(s, 12H), 1.09 (s, 12H). 

3,6-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan-2-yl)thiophen-2-yl) -9H-carabazole 

(2b) . 9H-3,6-dibromocarbazole (415 mg, 1.27 mmol) and Pd(dppf)Cl 2 ·CH 2Cl 2 

(106 mg, 0.13 mmol) were dissolved in dimethoxyethane 2.5 mL and st irred 

for 15 min under ni trogen atmosphere. Then 4,4,5 ,5 - tetramethyl -2- [5 -

(4,4,5,5 - te tramethyl -1,3 -dioxolan-2-yl)thiophen-2-yl ] -1,3,2 -dioxaborolane 

(950 mg, 2.81 mmol) and methanol (2.5 mL) were added, and the so lut ion 

was st irred for 15 min under nitrogen atmosphere. In the end, K 2CO 3 (1.75 

g, 12.7 mmol) was added to the solut ion and the react ion was performed 

under microwave irradiat ion (100 °C, 70 W, 90 min) and then quenched by 

pouring into a saturated solut ion of NH 4Cl (40 mL) and CH 2Cl 2 (40 mL). 

Fi l trat ion on Cel i te and extract ions with organic solvent al lowed to isolate 

the crude product, then purif ied through column chromatography on si l ica 

gel (n-heptane/AcOEt , 2:1). The des ired product was isolated as a white 

sol id (383 mg, 0.65 mmol) with 51% yield. 1H NMR (500 MHz, CDCl 3) : δ 

(ppm) = 8.30 (s, 2H), 8.09 (s, 1H), 7.68 (dd, J = 8.4, 1.6 Hz, 2H), 7.41 

(d, J = 8.4 Hz, 2H), 7.20 (d, J = 3.7 Hz, 2H) , 7.14 (d, J = 3.6 Hz, 2H), 

6.22 (s, 2H), 1.39 (s, 12H), 1.34 (s, 12H).  

10-(pyridin -4-ylmethyl) -3,7-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -10H-phenothiazine (3a) . Compound 2a (400 mg, 0.64 

mmol) was dissolved in 10 mL of anhydrous THF in a two -necked flask 

under N 2 atmosphere , then the solut ion was cooled to 0 °C using an ice 

bath and NaH 60% (39 mg, 0.96 mmol) was added and the solut ion was 

st irred at 0 °C for 40 min. Meanwhi le in a beaker 4-(bromomethyl)pyridine 

hydrobromide (143 mg, 0.96 mmol) was dissolved in 25 mL of a saturated 

aqueous solut ion of K 2CO 3 and in 25 mL of Et 2O. The mixture was extracted 

with Et 2O, the organic phase was washed with water, dr ied on MgSO 4 . The 

solut ion is reduced to 1.5 mL and then slowly introduced in the react ion 

flask. The resul t ing solut ion was st irred at rt overnight. The fol lowing 

day, the react ion mixture was quenched with iced water, then extracted 
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with CH 2Cl 2 and the organic phase was washed with water and dried with 

MgSO 4 and concentrated. The crude was purif ied using flash c o lumn 

chromatography on si l ica gel (cyc lohexane/AcOEt, 1:1) . The des ired product 

was isolated as a l ight -yel low sol id (430 mg 0.60 mmol) with 35% yield. 

1H NMR (400 MHz, CDCl 3) δ 8.58 (d, J = 6.0 Hz, 1H), 7.33 (d, J = 2.1 

Hz, 1H), 7.26 (d, J = 6.0 Hz, 1H) , 7.19 (dd, J = 8.5, 2.2 Hz, 1H) , 7.06 

(dd, J = 3.7, 0.5 Hz, 1H), 7.02 (d, J = 3.7 Hz, 1H), 6.50 (d, J = 8.5 Hz, 

1H), 6.16 – 6.14 (m, 1H), 5.06 (s, 1H), 1.33 (s, 6H), 1.30 (s, 6H). 

10-(pyridin -3-ylmethyl) -3,7-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -10H-phenothiazine (3b) . Compound 2a (77 mg, 120 µmol) 

was dissolved in 4 mL of anhydrous DMF in a two-necked flask under N 2 

atmosphere, then the so lut ion was cooled to 0 °C using an ice bath and NaH 

60% (6 mg, 0.15 mmol) was added. Meantime in another two -necked flask 

3-( iodomethyl)pyridine hydroiodide (43 mg, 0.12 mmol ) was dissolved in 2 

mL of anhydrous DMF under N 2 atmosphere, then the solut ion was cooled 

to 0 °C using an ice bath and other NaH 60% (6 mg, 0.15 mmol) was 

added. After st irr ing the two solut ions at 0 °C for 40 min, they were 

combined and the resul t ing solut ion was st irred at rt for 15 min, when 

TLC revealed the complete convers ion of the start ing mater ial . The react ion 

mixture was quenched with iced water , then extracted with  CH 2Cl 2 and the 

organic phase was washed with water and dried with Na 2SO 4 and 

concentrated. The crude was purif ied using f lash column chroma tography 

on si l ica gel (cyc lohexane/AcOEt, 1:1) . The des ired product was iso lated 

as a l ight -yel low sol id (30 mg, 42 µmol) with 34% yield. 1H NMR (DMSO-

d6 , 500 MHz) : δ (ppm) = 8.63 (s, 1H), 8.47 (d, J = 4.5 Hz, 1H) , 7.71 (d, 

J = 8.0 Hz, 1H), 7.47 (d, J = 2.2 Hz, 2H), 7.37 (dd, J = 8.5, 2.1 Hz, 

3H), 7.30 (d, J = 3.7 Hz, 2H), 7.14 (d, J = 3.7 Hz, 2H), 6.87 (d, J = 8.6 

Hz, 2H), 6.10 (s, 2H), 5.26 (s, 2H), 1.25 (s, 12H), 1.23 (s, 12H).  

9-(pyridin -4-ylmethyl) -3,6-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -9H-carbazole (3c) . Compound 2b (270 mg, 0.46 mmol) was 

dissolved in 12 mL of anhydrous THF in a two -necked flask under N 2 

atmosphere, then the solut ion was cooled to 0 °C using an ice bath, and 

NaH 60% (36 mg, 0.92 mmol) was added and the solut ion was st irred at 

0 °C for 1 h. Meanwhi le in a beaker 4-(bromomethyl)pyridine hydrobromide 

(177 mg, 0.70 mmol) was dissolved in 25 mL of a saturated aqueous 

solut ion of K 2CO 3 and 25 mL of Et 2O. The mixture was extracted with Et 2O; 

the organic phase was washed with water and dried on MgSO 4 . The solut ion 

is reduced to 1.5 mL and then slowly introduced in the react ion flask . The 

resul t ing solut ion was st irred at rt overnight. The fol lowing day, the 

react ion mixture was concentrated in rotavapor up to 5 mL. Then, 10 mL 

of Et 2O and 40 mL of iced water were added. The l ight yel low prec ipi tated 

sol id (285 mg 0.42 mmol) was fi l tered and washed with Et 2O achieving a 
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91% yield. 1H NMR (500 MHz, CDCl 3) : δ (ppm) = 8.52 (d, J = 5.9 Hz, 2H), 

8.36 (s, 2H) , 7.69 (dd, J = 8.6 , 1.6 Hz, 2H) , 7.26 (d, J = 8.2 Hz, 2H), 

7.21 (d, J = 3.6 Hz, 2H), 7.15 (d, J = 3.6 Hz, 2H), 7.02 (d, J = 5.7 Hz, 

2H), 6.21 (s, 2H), 5.51 (s, 2H), 1.39 (s, 12H), 1.33 (s, 12H).  

9-(pyridin -3-ylmethyl) -3,6-bis(5-(4,4,5,5 - te tramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -10H-carbazole (3d) . Compound 2b (383 mg, 0.65 mmol) 

was dissolved in 10 mL of anhydrous THF in a two -necked flask under N 2 

atmosphere, then the solut ion was cooled to 0 °C using an ice bath and 

NaH 60% (90 mg, 2.21 mmol) was added. After st irr ing at 0 °C for 1 h, 

the 3-(bromomethyl)pyridine hydrobromide (214 mg, 0.85 mmol) was added 

and the solut ion was st i rred at rt overnight. The fol lowing day, the react ion 

mixture was quenched with iced water , then extracted with CH 2Cl 2 and the 

organic phase was washed with water , dr ied wi th Na 2SO 4 and concentrated . 

The des ired product was isolated as a l ight -yel low sol id (420 mg 0.61 

mmol) with 95% yield. 1H NMR (400 MHz, CDCl 3) : δ (ppm) = 8.60 (d, J = 

1.8 Hz, 1H) , 8.50 (dd, J = 4.8, 1.5 Hz, 1H) , 8.32 (d, J = 1.4 Hz, 2H), 

7.67 (dd, J = 8.5, 1.8 Hz, 2H), 7.29 (d, J = 8.5 Hz, 3H) , 7.19 (d, J = 

3.6 Hz, 2H), 7.17 – 7.05 (m, 3H), 6.21 (s, 2H), 5.47 (s, 2H), 1.39 (s, 

12H), 1.33 (s, 12H). 

10-(3-(pyridin -4-yl)propyl) -3,7-bis(5-(4,4,5,5 - tetramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -10H-phenothiazine (3e). Compound 2a (110 mg, 0.2 mmol) 

and 3-(pyridin -4-yl)propyl 4 -methylbenzenesulfonate (80 mg, 0.3 mmol) was 

dissolved in 10 mL of anhydrous DMF in a two -necked flask under N 2 

atmosphere, then the solut ion was cooled to 0 °C using an ice bath and 

NaH 60% (40 mg, 1.0 mmol) was added. The resul t ing solut ion was st irred 

at rt for 3 days, when TLC revealed the convers ion of the start ing mater ial . 

The react ion mixture was quenched with iced water, then extracted with 

Et2O and the organic phase was washed with water mult iple t imes and 

dried with Na 2SO 4 and concentrated. The crude was purif ied usin g a si l ica 

pad (f irst with DCM and then with EtOH) . The des ired product was isolated 

as a l ight -yel low oi l (78 mg, 0.1 mmol) with 50% yield. 1H NMR (400 

MHz, CDCl 3) δ 8.42 (s, 2H), 7.38 (d, J = 2.1 Hz, 2H), 7.34 (dd, J = 8.4, 

2.2 Hz, 2H), 7.08 (d, J = 3.7 Hz, 2H), 7.06 -7.02 (m, 4H), 6.75 (d, J = 

8.5 Hz, 1H), 6.16 (s, 2H), 3.85 (t, J = 6.5 Hz, 2H), 2.74 (t, J = 7.4 Hz, 

2H), 2.16 – 2.08 (m, 2H). 

9-(3-(pyridin -4-yl)propyl) -3,6-bis(5-(4,4,5 ,5 - tetramethyl -1,3-dioxolan -2-

yl)thiophen-2-yl) -9H-carbazole (3f) . Compound 2b (200 mg, 0.35 mmol) was 

dissolved in 10 mL of anhydrous THF in a two -necked flask under N 2 

atmosphere, then the solut ion was cooled to 0 °C using an ice bath and 

NaH 60% (40 mg, 1.02 mmol) was added. After st irr ing at 0 °C for 1 h, 

the 3-(pyrid in-4-yl)propyl 4 -methylbenzenesulfonate (140 mg, 0.48 mmol) 
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was added and the solut ion was st irred at r t for 3 days. The react ion 

mixture was quenched with iced water, then extracted with Et 2O and the 

organic phase was washed with water , dr ied wi th Na 2SO 4 and concentrated . 

The crude was purif ied using a si l ica pad (f irst with DCM and then with 

EtOH). The des ired product was isolated as a l ight -yel low oi l with a 

quanti tat ive yield . 1H NMR (400 MHz, CDCl 3) δ 8.44 (d, J = 4.8 Hz, 2H), 

8.28 (d, J = 1.5 Hz, 2H), 7.65 (dt , J = 8.46, 1.50 Hz, 2H), 7.22 – 7.17 

(m, 4H), 7.14 (d, J = 3.7 Hz, 2H), 7.02 (d, J = 4.6 Hz, 2H), 6.21 (s, 

2H), 4.24 – 4.17 (m, 2H), 2.59 (t, J = 7.1 Hz, 2H), 2.22 – 2.09 (m, 2H), 

1.39 (s, 6H), 1.33 (s, 6H).  

General procedure A for the cleavage o f the protect ive group for the 

aldehydic funct ional i ty (i i i ) .  Pinacol ester precursor was dissolved in 10% 

HCl a q/THF (1:2). The mixture was heated at 50 °C for 2 h and then poured 

into water. K 2CO 3 was slowly added unti l bas i c pH was reached, and then 

THF was removed under reduced pressure. The product prec ipi tated was 

fi l tered on Hirsh and washed with water .  

5,5 ' - (10-(pyridin -4-ylmethyl) -10H-phenothiazine -3,7-diyl)bis(thiophene -2-

carbaldehyde) (4a) . Product 4a was synthet ized according to general 

procedure A for the cleavage of the protect ive group using produc t 3a 

(270 mg, 0.38 mmol) , 30 mL 10% HCl a q/THF (1:2). The des ired product 

was isolated as an orange sol id (195 mg) with quanti tat ive yield .  1H NMR 

(400 MHz, DMSO): δ (ppm) = 9.88 (s, 2H), 8.55 (dd, J = 4.5, 1.4 Hz, 2H), 

8.01 (d, J = 4.0 Hz, 2H), 7.68 (d, J = 4.0 Hz, 2H), 7.65 (d, J = 2.2 Hz, 

2H), 7.53 (dd, J = 8.6 , 2.2 Hz, 2H), 7.33 (d, J = 5.9 Hz, 2H) , 6.80 (d, 

J = 8.7 Hz, 2H). 

5,5 ' - (10-(pyridin -3-ylmethyl ) -10H-phenothiazine -3,7-diyl)bis(thiophene -2-

carbaldehyde) (4b) . Product 4b was synthet ized according to general 

procedure A for the c leavage of the protect ive group using product 3b 

(430 mg, 0.60 mmol) , 30 mL 10% HCl a q/THF (1:2). The des ired product 

was isolated after fi l trat ion on SiO 2 with CH 2Cl 2 and then with EtOH as an 

orange sol id (230 mg, 0.45 mmol) with 75% yield. 1H NMR (DMSO -d6, 500 

MHz): δ (ppm) = 9.88 (s, 2H), 8.62 (d, J = 1.5 Hz, 1H), 8.48 (d, J = 3.6 

Hz, 1H), 8.01 (d, J = 4.0 Hz, 2H), 7.72 - 7.68 (m, 3H), 7.66 (d, J = 2.1 

Hz, 2H) , 7.54 (dd, J = 8.6, 2.1 Hz, 2H), 7.38 (dd, J = 7.8, 4.9 Hz, 1H), 

6.92 (d, J = 8.7 Hz, 2H), 5.32 (s, 2H).  

5,5 ' - (9-(pyridin -4-ylmethyl) -9H-carbazole -3 ,6 -diyl)bis(thiophene -2-

carbaldehyde) (4c). Product 4c was synthet ized according to general 

procedure A for the cleavage of the protect ive group using product 3c 

(140 mg, 0.21 mmol) , 15 mL 10% HCl a q/THF (1:2). The des ired product 

was isolated as a yel low sol id (91 mg, 0.19 mmol) with 91% yield. 1H 

NMR (400 MHz, DMSO) : δ (ppm) = 9.92 (s, J = 0.9 Hz, 2H), 8.91 (dd, J 
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= 1.9, 0.5 Hz, 2H) , 8.48 (d, J = 6.1 Hz, 2H) , 8.09 (d, J = 4.0 Hz, 2H), 

7.96 (dd, J = 8.6, 1.9 Hz, 2H), 7.81 (d, J = 4.0 Hz, 2H) , 7.74 (d, J = 

8.6 Hz, 2H) , 7.10 (d, J = 6.1 Hz, 2H), 5.84 (s, 2H).  

5,5 ' - (9-(pyridin -3-ylmethyl) -9H-carbazole -3 ,6 -diyl)bis(thiophene -2-

carbaldehyde) (4d). Product 4d was synthet ized according to general 

procedure A for the cleavage of the protect ive group usin g produc t 3d 

(420 mg, 0.61 mmol) , 27 mL 10% HCl a q/THF (1:2). The des ired product 

was isolated as a yel low sol id (290 mg, 0.60 mmol) with 98% yield. 1H 

NMR (400 MHz, DMSO) : δ (ppm) = 9.92 (s, 2H), 8.90 (d, J = 1.8 Hz, 2H), 

8.58 (d, J = 1.9 Hz, 1H), 8.46 (dd, J = 4.7, 1.5 Hz, 1H) , 8.09 (d, J = 

4.0 Hz, 2H) , 7.97 (dd, J = 8.6, 1.9 Hz, 2H) , 7.85 (d, J = 8.7 Hz, 2H), 

7.81 (d, J = 4.0 Hz, 2H), 7.59 – 7.48 (m, 1H), 7.30 (dd, J = 7.8 , 4.8 

Hz, 1H), 5.83 (s, 2H). 

5,5 ' - (10-(3-(pyridin -4-yl)propyl) -10H-phenothiazine -3,7-diyl)bis(thiophene -2-

carbaldehyde) (4e) Product 4e was synthet ized according to general 

procedure A for the cleavage of the protect ive group using product 3e (78 

mg, 0.10 mmol) , 6 mL 10% HCl a q/THF (1:2). The des ired product was 

isolated after a fi l trat ion on si l ica pad (first with DCM, then with 

DCM/MeOH, 4:1) as a red sol id (40 mg, 0.074 mmol) with 74% yield. 1H 

NMR (400 MHz, DMSO) δ 9.89 (s, 2H) , 8.41 (dd, J = 4.5, 1.5 Hz, 2H), 

8.02 (d, J = 4.0 Hz, 2H), 7.71 (d, J = 4.0 Hz, 2H), 7.65 (d, J = 2.2 Hz, 

2H), 7.62 (dd, J = 8.5 , 2.2 Hz, 2H), 7.21 (d, J = 5.9 Hz, 2H) , 7.11 (d, 

J = 8.6 Hz, 2H), 3.97 (t, J = 6.8 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H), 2.13 

– 2.01 (m, 2H). 

5,5 ' - (9-(3-(pyridin -4-yl)propyl) -9H-carbazole -3,6-diyl)bis(thiophene -2-

carbaldehyde) (4f) Product 4f was synthet ized according to general 

procedure A for the cleavage of the protect ive group using product 3f (250 

mg, 0.35 mmol) , 9 mL 10% HCl a q/THF (1:2). The des ired product was 

isolated as a red sol id with quanti tat ive yield . 1H NMR (400 MHz, DMSO) 

δ 9.92 (s, 2H), 8.86 (d, J = 1.6 Hz, 2H) , 8.42 (dd, J = 4.4, 1.6 Hz, 2H), 

8.08 (d, J = 4.0 Hz, 2H), 7.96 (dd, J = 8.6, 1.9 Hz, 2H) , 7.81 (d, J = 

4.0 Hz, 2H) , 7.74 (d, J = 8.6 Hz, 2H), 7.21 (dd, J = 4.4, 1.6 Hz, 2H), 

4.54 (t, J = 7.1 Hz, 2H), 2.69 (dd, J = 13.1 , 4.7 Hz, 2H), 2.19 – 2.08 

(m, 2H). 

General procedure B for Knoevenagel condensation (iv).  Aldehyde precursor 

(1 equiv.) , cyanoacet ic ac id (5 equiv.) , and piper idine (6 equiv.) were 

dissolved in dry CHCl 3 (0.2 M) and warmed to ref lux for 8 h. After having 

the solvent evaporated, a solut ion of HCl 10% was added, and the mixture 

was left under magneti c st irr ing for 5 h at room temperature . The sol id 

that prec ipi tated was fi l tered and dissolved in a saturated aqueous solut ion 

of K 2CO 3 . The new sol id that prec ipi tated was fi l tered and dissolved in a 
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solut ion of c i tr ic ac id 1 M. Then, the new sol id t hat prec ipi tated was 

fi l tered and washed with water.  

3,3 ' - (5,5' - (10-(pyridin -4-ylmethyl) -10H-phenothiazine -3,7-diyl)bis(thiophene -

5,2-diyl))bis(2 -cyanoacryl ic ac id (PTZ -4Py). PTZ-4Py was synthet ized 

according to general procedure B for Knoevenagel condens ation using 

product 4a (230 mg, 0.45 mmol) , cyanoacet ic ac id (383 mg, 4.5 mmol) , 

piper idine (460 mg, 5.4 mmol) and 10 mL of dry CHCl 3 . The react ion was 

quenched with 10 mL of 10% HCl solut ion. A dark purple sol id (238 mg, 

0.37 mmol) was isolated as the product with 82% yield. m.p. > 250 °C 

(dec) . 1H NMR (400 MHz, DMSO): δ (ppm) = 8.55 (d, J = 5.8 Hz, 2H), 

8.46 (s, 2H), 7.98 (d, J = 4.3 Hz, 2H) , 7.70 (d, J = 4.0 Hz, 2H), 7.62 

(d, J = 2.2 Hz, 2H), 7.50 (dd, J = 8.5, 2.2 Hz, 2H), 7.34 (d, J = 5.8 Hz, 

2H), 6.83 (d, J = 8.7 Hz, 2H), 5.29 (s, 2H) .  1 3C NMR (101 MHz, DMSO) 

δ 152.08, 151.56, 150.26, 147.01, 146.28, 144.41, 141.92, 134.50, 

127.96, 126.48, 125.15, 124.72, 123.22, 122.47, 117.00, 116.83, 98.33, 

50.80. FT-IR υ/(cm - 1) : 2908, 1712, 1568 (s), 1426 (s), 1202 (b), 792 (s).  

3,3 ' - (5,5' - (10-(pyridin -3-ylmethyl) -10H-phenothiazine -3,7-diyl)bis(thiophene -

5,2-diyl))bis(2 -cyanoacryl ic ac id (PTZ -3Py). PTZ-3Py was synthet ized 

according to general procedure B for Knoevenagel condensat ion using 

product 4b (195 mg, 0.38 mmol) , cyanoacet ic ac id (323 mg, 3.8 mmol) , 

piper idine (390 mg, 4.6 mmol) and 25 mL of dry CHCl 3 . The react ion was 

quenched with 30 mL of 10% HCl solut ion. A dark purple sol id (208 mg, 

0.32 mmol) was isolated as the product with 85% yield. m.p. > 250 °C 

(dec) . 1H NMR (400 MHz, DMSO) : δ (ppm) = 8.68 (s, 1H), 8.58 – 8.44 (m, 

3H), 8.02 (d, J = 4.0 Hz, 2H), 7.78 – 7.72 (m, 3H), 7.67 (d, J = 1.9 Hz, 

2H), 7.56 (dd, J = 8.5, 1.8 Hz, 2H), 7.43 (dd, J = 7.7, 4.9 Hz, 1H), 6.99 

(d, J = 8.7 Hz, 2H), 5.36 (s, 2H) . 1 3C NMR (126 MHz, DMSO) δ 164.03, 

151.92, 146.96, 144.18, 143.84, 141.80, 141.69, 136.97, 134.61, 128.24, 

127.37, 126.50, 125.27, 124.88, 123.96, 117.10, 116.94, 98.46, 48.77.  

FT-IR υ/(cm - 1) : 1689 (w), 1584 (s) , 1434 (s), 1202 (s) , 803 (s) . 

3,3 ' - (5,5' - (9-(pyridin -4-ylmethyl) -9H-carbazole -3,6-diyl)bis(thiophene -5,2-

diyl))bis(2 -cyanoacryl ic ac id) (CBZ -4Py). CBZ-4Py was synthet ized according 

to general procedure B for Knoevenagel condensation usi ng product 4c (171 

mg, 0.35 mmol) , cyanoacet ic ac id (297 mg, 3.5 mmol) , piper idine (358 mg, 

4.2 mmol) and 10 mL of dry CHCl 3 . The react ion was quenched with 20 

mL of 10% HCl solut ion. A dark red sol id (170 mg, 0.28 mmol) was 

isolated as the product with 80% yield. Due to low solubi l i ty, addi t ion of 

c i tr ic ac id (CA) was necessary to improve the solubi l izat ion of the 

compound and to record bet ter NMR spectra . m.p. > 250 °C (dec) . 1H NMR 

(400 MHz, DMSO) δ 8.80 (d, J = 1.3 Hz, 2H) , 8.52 – 8.41 (m, 4H) , 8.01 

(d, J = 4.0 Hz, 2H), 7.87 (dd, J = 8.6, 1.4 Hz, 2H), 7.80 (d, J = 3.9 Hz, 
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2H), 7.70 (d, J = 8.7 Hz, 2H) , 7.10 (d, J = 5.4 Hz, 2H), 5.80 (s, 2H), 

2.75 (d, J = 15.4 Hz, 4H, CA), 2.65 (d, J = 15.4 Hz, 4H, CA). 1 3C NMR 

(101 MHz, DMSO) δ 175.32 (CA), 171.77 (CA),164.32, 154.79, 150.38, 

146.77, 146.64, 141.90, 141.77, 134.24, 125.75, 125.18, 124.77, 123.48, 

122.12, 119.70, 117.31, 111.22, 98.34, 72.77 ( CA) 45.41, 43.37 (CA). 

FT-IR υ/(cm - 1) : 2921, 2214 (s), 1702 (s), 1573 (s), 1421 (s), 1199 (s), 

793 (s). HRMS (Dual -ESI) m/z: calcd. for [M-H] - C 3 4H2 0N4O 4S2 : 611.0853, 

found 611.0845; calcd. for [M -H-CO 2 ] - 567.0955, found 567.0949; calcd. 

for [M-H-2CO 2 ] - 523.1057, found 523.1048 

3,3 ' - (5,5' - (9-(pyridin -3-ylmethyl) -9H-carbazole -3,6-diyl)bis(thiophene -5,2-

diyl))bis(2 -cyanoacryl ic ac id) (CBZ -3Py). CBZ-3Py was synthet ized according 

to general procedure B for Knoevenagel condensation using product 4d (290 

mg, 0.61 mmol) , cyanoacet ic ac i d (690 mg, 8.14 mmol) , piper idine (831 

mg, 9.77 mmol) and 30 mL of dry CHCl 3 . The react ion was quenched with 

10 mL of 10% HCl solut ion. A dark red sol id (200 mg, 0.33 mmol) was 

isolated as the product with 60% yield. m.p. > 250 °C (dec) . 1H NMR (400 

MHz, DMSO) : δ (ppm) = 8.83 (d, J = 1.4 Hz, 2H), 8.59 (s, 1H) , 8.53 – 

8.40 (m, 3H), 8.04 (d, J = 4.1 Hz, 2H), 7.93 (dd, J = 8.6, 1.6 Hz, 2H), 

7.87 – 7.82 (m, 4H), 7.54 (d, J = 8.0 Hz, 1H), 7.31 (dd, J = 7.8 , 4.8 

Hz, 1H), 5.82 (s, 2H) . 1 3C NMR (101 MHz, DMSO) δ 164.27, 154.90, 

149.29, 148.82, 146.90, 142.05, 141.69, 135.05, 134.22, 133.31, 125.77, 

125.12, 124.81, 124.29, 123.51, 119.74, 117.26, 111.38, 98.16 , 44.06. 

FT-IR υ/(cm - 1) : 2919, 2213 (s), 1701 (s), 1575 (s), 1423 (s), 1208 (s), 

790 (s). HRMS (Dual -ESI) m/z: calcd. for [M-H] - C 3 4H2 0N4O 4S2 : 611.0853, 

found 611.0844; calcd. for [M -H-CO 2 ] - 567.0955, found 567.0947; calcd. 

for [M-H-2CO 2 ] - 523.1057, found 523.1046 . 

3,3 ' - ((10-(3-(pyridin -4-yl)propyl) -10H-phenothiazine -3,7-diyl)bis(thiophene -

5,2-diyl))bis(2 -cyanoacryl ic ac id) (PTZ-C3-4Py). PTZ-C3-4Py was synthet ized 

according to general procedure B for Knoevenagel condensation using 

product 4e (40 mg, 0.074 mmol) , cyanoacet ic ac id (63 mg, 0.74 mmol) , 

piper idine (88 μL, 9.77 mmol) and 6 mL of dry CHCl 3/CH 3CN (1:1). The 

react ion was quenched with 10 mL of 10% HCl solut ion. A dark red sol id 

(20 mg, 0.030 mmol) was isolated as the product with 40% yield. m.p. > 

250 °C (dec) . 1H NMR (400 MHz, DMSO) δ 8.41 (d, J = 8.0 Hz, 2H) , 7.94 

(d, J = 4.0 Hz, 2H), 7.70 (d, J = 3.9 Hz, 2H) , 7.61 (d, J = 2.0 Hz, 2H), 

7.58 (dd, J = 8.5, 2.0 Hz, 2H), 7.22 (d, J = 5.6 Hz, 2H) , 7.12 (d, J = 

8.6 Hz, 2H), 3.97 (t, J = 6.3 Hz, 2H), 2.75 (t, J = 7.5 Hz, 2H), 2.13 – 

2.00 (m, 2H) . 1 3C NMR (101 MHz, DMSO) δ 164.11, 162.31, 152.24, 

147.11, 145.00, 142.16, 134.46, 127.75, 127.24, 126.55, 125.10, 124.97, 

124.21, 117.11, 117.01, 98.21, 46.61, 32.70, 26.81.  FT-IR υ/(cm - 1) : 2994 

(b), 1567 (s), 1451 (s), 1348 (s), 1219 (b), 809 (s).  
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3,3 ' - ((9-(3-(pyridin -4 -yl)propyl) -9H-carbazole -3,6-diyl)bis(thiophene -5,2-

diyl))bis(2 -cyanoacryl ic ac id) (CBZ-C3-4Py). CBZ-C3-4Py was synthet ized 

according to general procedure B for Knoevenagel condensation using 

product 4f (280 mg, 0.55 mmol) , cyanoacet ic ac id (470 mg, 5.5 mmol) , 

piper idine (0.65 mL, 6.64 mmol) and 12 mL of dry CHCl 3/CH 3CN (1:1). 

The react ion was quenched with 5 mL of 10% HCl solut ion. A dark red 

sol id (60 mg, 0.094 mmol) was isolated as the product with 17% yield.  

m.p. > 250 °C (dec) . 1H NMR (400 MHz, DMSO) δ 8.82 (d, J = 1.6 Hz, 

2H), 8.51 (s, 2H) , 8.42 (d, J = 6.0 Hz, 2H) , 8.06 (d, J = 4.1 Hz, 2H), 

7.95 (dd, J = 8.6, 1.8 Hz, 2H), 7.86 (d, J = 4.0 Hz, 2H) , 7.77 (d, J = 

8.6 Hz, 2H), 7.22 (d, J = 5.9 Hz, 2H) , 4.54 (t, J = 6.8 Hz, 3H), 2.82 – 

2.63 (m, 3H), 2.22 – 2.10 (m, 3H). 1 3C NMR (101 MHz, DMSO) δ 164.29, 

161.58, 155.29, 147.27, 142.47, 142.18, 141.67, 134.06, 126.83, 125.56, 

124.76, 124.74, 123.28, 119.63, 117.15, 111.30, 97.50, 72.89, 32.91, 

28.77. FT-IR υ/(cm - 1) : 2916, 1554 (s), 1426 (s), 1194 (b), 783 (s).  

3,7-dibromo-10-(3-((tert -butyldimethyls i lyl)oxy)propyl) -10H-phenothiazine 

(5a) . Compound 1a (2.1 g, 5.6 mmol) was dissolved in 50 mL of anhydrous 

DMF in a two-necked flask under N 2 atmosphere, then the solut ion was 

cooled to 0 °C using an ice bath and NaH 60% (1.12 g, 28 mmol) was 

added and the solut ion was st irred at 0 °C for 30 min. Then, (3 -

bromopropoxy) - tert - buty ldimethyls i lane (1.3 g, 5.04 mmol) was added, the 

ice bath was removed, and the solut ion was st irred under magnetic agi tat ion 

overnight at room temperature . The react ion was quenched with ca 600 

mL of water and ice. The color of the s olut ion changed from dark red to 

l ight green. Then 200 mL of EtO 2 were added, the organic phase was 

separated, washed with water , and dried over sodium sulfate . The so lvent 

was evaporated under reduce pressure and suspended with petroleum ether . 

The green sol id was fi l tered over Hirsh and washed with petroleum ether. 

The fi l trate solut ion was evaporated under reduced pressure and an orange 

oi l was obtained (2.34 g, 4.4 mmol , 87%). 1H NMR (500 MHz, Acetone -d6) 

δ 7.35 (dd, J = 8.7, 2.3 Hz, 2H), 7.30 (d, J = 2.3 Hz, 2H), 7.04 (d, J = 

8.7 Hz, 2H), 4.06 (t, J = 6.6 Hz, 2H), 3.78 (t, J = 5.7 Hz, 2H), 1.97 

(quintet , 2H) , 0.87 (s, 9H), 0.01 (s, 6H).  

3,6-dibromo-10-(3-((tert -butyldimethyls i lyl)oxy)propyl) -9H-carbazole (5b) . 

Compound 1b (1.0 g, 3.07 mmol) was dissolved in 34 mL of anhydrous 

THF in a two-necked flask under N 2 atmosphere, then the solut ion was 

cooled to 0 °C using an ice bath and NaH 60% (614 mg, 15 mmol) was 

added and the solut ion was st irred at 0 °C for 30 min. Then, (3 -

bromopropoxy) - tert - buty ldimethyls i lane (700 mg, 2.76 mmol) was added, 

the ice bath was removed, and the solut ion was st irred under magnetic 

agi tat i on for three days at room temperature . The react ion was quenched 

with ca 600 mL of water and ice. Then 200 mL of EtO 2 were added, the 
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organic phase was separated , washed with water, and dried over sodium 

sulfate. The solvent was evaporated under reduce pressure and suspended 

with petroleum ether . The crude product was purif ied with column 

chromatography (n-heptane 100% and then heptane/Et 2O, 5:0 .2). The 

product was not subjec ted to further purif icat ion, and it was used as i t 

was into the next react ion.  

5,5 ' - (10-(3-((tert -butyldimethyls i lyl)oxy)propyl) -10H-phenothiazine -3,7-

diyl)bis(thiophene -2-carbaldehyde) (6a) . Compound 5a (600 mg, 1.13 mmol) 

and Pd(dppf)Cl 2 ·CH 2Cl 2 (92 mg, 0.11 mmol) were dissolved in 

dimethoxyethane 12.5 mL and st irred for 30 min under nitrogen 

atmosphere . Then (5 -formylthiophen-2-yl)boron ic ac id (424 mg, 2.4 mmol) 

and methanol (12.5 mL) were added, and the solut ion was st irred for 30 

min under nitrogen atmosphere . In the end, K 2CO 3 (1.6 g, 11.3 mmol) was 

added to the solut ion and the react ion was performed with microwave 

irradiat ion (90 °C, 70 W, 75 min) and then quenched by pouring into a 

saturated solut ion of NH 4Cl (70 mL) and AcOEt (70 mL). Fi l trat ion on 

Cel i te and extract ions with organic solvent a l lowed to isolate the crude 

product, then purif ied through column chromatography on si l ica gel 

(petroleum ether/AcOEt , from 7:2 to 5:2) . The des ired product was iso lated 

as a l ight -yel low sol id (410 g, 0.69 mmol) with 61% yield. 1H NMR (400 

MHz, DMSO) δ 9.89 (s, 2H), 8.01 (d, J = 4.0 Hz, 2H), 7.70 (d, J = 4.0 

Hz, 2H), 7.64 – 7.58 (m, 4H), 7.17 (d, J = 9.2 Hz, 2H) , 4.05 (dd, J = 

12.1, 6.9 Hz, 2H) , 3.73 (t, J = 5.8 Hz, 2H) , 1.96 – 1.87 (m, 2H), 0.82 

(s, 9H), -0.02 (s, 6H). 

5,5 ' - (9-(3-((tert -butyldimethyls i lyl)oxy)propyl) -9H-carbazole-3,6-

diyl)bis(thiophene -2-carbaldehyde) (6b) . Crude compound 5b (740 mg, 1.48 

mmol) and Pd(dppf)Cl 2 ·CH 2Cl 2 (125 mg, 0.15 mmol) were dissolved in 

dimethoxyethane 2.5 mL and st irred for 15 min under nitrogen atmosphere. 

Then (5-formylthiophen -2-yl)boronic ac id (545 mg, 3.5 mmol) and methanol 

(2.5 mL) were added and the solut ion was st irred for 15 min under 

nitrogen atmosphere . In the end, K 2CO 3 (2.1 g, 14.8 mmol) was added to 

the solut ion and the react ion was performed with microwave irradiat ion 

(90 °C, 70 W, 90 min) and then quenched by pouring into a saturated 

solut ion of NH 4Cl (30 mL) and AcOEt 370 mL). Fi l trat ion on Cel i te and 

extract ions with organic solvent al lowed to iso late the crude product, then 

purif ied through column chromatography on si l ica gel ( n-heptane/AcOEt, 

5:3). The des ired product was isolated as a l ight -yel low sol id (190 mg, 

0.34 mmol) with 23% yield. 1H NMR (400 MHz, DMSO) δ 9.92 (s, 2H), 

8.87 (d, J = 1.8 Hz, 2H), 8.08 (d, J = 4.0 Hz, 2H), 7.97 (dd, J = 8.6, 

1.9 Hz, 2H), 7.81 (d, J = 4.0 Hz, 2H), 7.72 (d, J = 8.5 Hz, 2H), 4.53 (t, 

J = 6.8 Hz, 2H), 3.60 (t, J = 5.9 Hz, 2H), 2.00 (t, J = 6.3 Hz, 2H), 0.90 

(s, 9H), 0.03 (s, 6H). 
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5,5 ' - (10-(3-hydroxypropyl) -10H-phenothiazine -3,7-diyl)bis(thiophene-2-

carbaldehyde) (7a). Compound 7a was synthes ized according to ref . 46, 

using as reagent compound 6a (619 mg, 1.04 mmol ) and tetra-n-

butylammoniumfluor ide (690 mg, 2.6 mmol) dissolved in 60 mL of THF and 

st irred at 0 °C for 5 min and then at room temperature for 3 h. The 

product was obtained as a red sol id (310 mg, 0.65 mmol ) with 63% yield. 

1H NMR (500 MHz, DMSO) δ 9.89 (s, 2H), 8.02 (d, J = 3.9 Hz, 2H), 7.70 

(d, J = 3.9 Hz, 2H), 7.63 (dd, J = 8.4, 2.2 Hz, 1H), 7.61 (d, J = 2.1 Hz, 

1H), 7.16 (d, J = 8.5 Hz, 2H), 4.67 (t, J = 4.9 Hz, 1H), 4.03 (t, J = 7.0 

Hz, 2H), 3.56 (td, J = 10.9, 5.7 Hz, 2H), 1.88 (q, 2H).  

3-(3,7-bis(5-formylthiophen -2-yl) -10H-phenothiazin -10-yl)propyl nicot inate 

(8a) . Compound 8a was synthes ized according to ref . 47, using as reagent 

compound 7a (300 mg, 0.63 mmol) , nicot inic ac id (78 mg, 0.63 mmol) , 

dicyc lohexylcarbodi imide (196 mg, 0.95 mmol). The crude product was 

purif ied with column chromatography using dichloromethane/AcOEt (2:1) as 

eluent . The product was obtained as a red sol id (35 mg, 0.06 mmol , 10%) . 

1H NMR (500 MHz, DMSO) δ 9.89 (s, 2H), 9.05 (d, J = 1.7 Hz, 1H), 8.79 

(dd, J = 4.8 , 1.7 Hz, 1H), 8.22 (dt, J = 7.8 , 2.0 Hz, 1H), 8.02 (d, J = 

4.0 Hz, 2H), 7.69 (d, J = 4.0 Hz, 2H), 7.63 – 7.59 (m, J = 4.3, 2.2 Hz, 

4H), 7.51 (dd, J = 8.0, 4.8 Hz, 1H), 7.23 (d, J = 9.2 Hz, 2H), 4.46 (t, J 

= 6.0 Hz, 2H) , 4.22 (t , J = 7.0 Hz, 2H), 2.23 – 2.19 (m, 2H). 

3,3 ' - (5,5' - (10-(3-(nicot inoyloxy)propyl) -10H-phenothiazine -3,7-

diyl)bis(thiophene -5,2 -diyl))bis(2 -cyanoacryl ic ac id) (PTZ -Py). PTZ-Py was 

synthet ized according to general procedure B for Knoevenagel condensation 

using product 8a (35 mg, 0.06 mmol) , cyanoacet ic ac id (51 mg, 0.6 mmol) , 

piper idine (53 mg, 0.62 mmol) and 7 mL of dry CHCl 3 . The react ion was 

quenched with 5 mL of 10% HCl aqueous solut ion. The product was isolated 

as a dark purple sol id (29 mg, 0.04 mmol) with 67% yield.  m.p. > 250 °C 

(dec) . 1H NMR (400 MHz, DMSO) δ 9.05 (s, 1H), 8.78 (d, J = 3.8 Hz, 1H), 

8.32 (s, 2H), 8.21 (d, J = 7.9 Hz, 1H) , 7.87 (d, J = 2.9 Hz, 2H), 7.65 

(d, J = 3.5 Hz, 2H), 7.59 – 7.46 (m, 6H), 7.22 (d, J = 7.9 Hz, 2H), 4.45 

(t, J = 6.0 Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H) , 2 .21 (dd, J = 9.8 , 3.3 Hz, 

2H). 1 3C NMR (101 MHz, DMSO) δ 165.17, 164.06, 154.07, 150.50, 144.93, 

139.91, 137.27, 135.16, 127.94, 126.30, 126.01, 124.80, 124.36, 118.15, 

117.07, 63.16, 44.14, 25.79. FT-IR υ/(cm - 1) : 2931, 1701, 1568 (s), 1357 

(s), 1191 (b), 792, 714.  
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In this section, I describe the project done at Yale University 

during my Ph D. period abroad. The group of Prof. Brudvig, 

who was hosting me, has recently discovered a new way of 

anchoring molecules onto TiO 2 using BODIPY molecules, which 

are unfunctionalized at positions 3 and 5. This anchoring is 

believed to form a B-O bond between the boron atom of the 

BODIPY molecule and the oxygen atoms of the SC. I joined 

this project to help with the synthesis of the investigated 

molecules and to study the anchoring mode of the meso-

phenylBodipy unfunctionalized at 3 and 5 but with small and 

large substituents on positions 2 and 6. This study found that 

the presence of two substituents at positions 2 and 6 greatly 

reduces the loading of the molecule and even completely 

prevents it if the substituents are large. A preliminary study 

on mono-substituted BODIPY molecules in position 2 showed 

that the molecule could be easily loaded on the surface, no 

matter how large the substituent was. This behavior could 

indicate that the binding with the SC may not be perpendicular 

to the surface, and that the molecule could bend over toward 

the surface. Based on this first optimization study, I designed 

and synthesized a new iridium-based WOC, which uses BODIPY 

as the anchoring group. A ligand of the WOC has been modified 

by adding a carboxylic group able to form an amide bond with 

an amino-modified meso-phenylBodipy. The [Ir(3-

pyalkBod)(CO)(CH 3CN)] WOC so obtained was adsorbed first on 

ITO slides to study its electrochemical acti vity as a WOC. It 

was then studied on TiO 2 films to investigate its 
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photoelectrochemical activity since the 3-pyalkBod ligand 

absorbs visible light. Despite the new WOC showing high 

current densities, its application in photoelectrochemical 

studies as a dyad has completely failed. In fact, it was totally 

indifferent to the visible irradiation. This could be attributed 

to poor charge transfer between the WOC and the dye that 

fails to regenerate the WOC. This problem may be resolved 

with a deeper study of the energy levels of these compounds 

and by a modification of the design in order to tune the 

energy levels of the dye portion. Further studies with XPS, 

Terahertz spectroscopy, and transmission electron microscopy 

are ongoing to better characterize the ac tive catalytic species 

in this research. 

8.1 Introduction 

Water splitting typically requires additional overpotential to 

reach appreciable catalytic current densities, resulting in 

relatively low energy conversion efficiencies. 1 -4 To the standard 

potential for water splitting (1.23 V), the anode and the 

cathode overpotential (ηa and η c), and the total voltage drops 

on other parasitic resistances in the electrochemical cell, 

including solution resistance, contact resistance, and membrane 

resistance (η o th er) must be added. Hence, the potential required 

for driving the water splitting can be described as Eq. 8.1. 5 

𝐸𝑜𝑝 =  1.23 𝑉 + 𝜂𝑎 + 𝜂𝑐 + 𝜂𝑜𝑡ℎ𝑒𝑟 (Eq. 8.1) 

ηa and η c  typically result from the unfavorably high energies 

required for the formation of reaction intermediates on the 

electrode surface. 6 The 𝐸𝑜𝑝 is one of the most valuable 

parameters that significantly influences the performance of 

the electrocatalytic cell. Hence, the most important goal is to 

reduce the overpotential by adding a suitab le catalyst to speed 
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up the water-splitting reaction. The kinetics of the four -

electron process of water oxidation is slower than the two -

electron process of hydrogen evolution. 7 -9 Hence, the addition 

of a catalyst for water oxidation is almost mandatory to obtain 

acceptable efficiencies. These electrocatalysts can be used both 

in DSPEC in combination with a photosensitizer with suitable 

energy levels and/or in electrochemical cells that obtain the 

power for driving water oxidation from external solar panel s. 

In most cases, inorganic oxides are used as catalysts in this 

field. Although the inorganic oxides have high stabil ity, their 

properties cannot be easily tuned. 10 Thus, molecular catalysts 

are gaining more interest in the scientific community. Their 

properties can be easily adjusted, and they present a higher 

activity than the inorganic oxides and thus require a lower 

loading either in solution or on a film. Moreover, the loading 

onto a film leads to even better properties, such as the 

possibil ity to develop a device which can work in flow, without 

contamination of the aqueous medium with the molecular 

catalysts, and thus make for easier recycling and recovery of 

the catalysts.11 The current state-of-the-art electrocatalysts for 

water splitting are iridium- or ruthenium-based.12 - 14 Recently, 

many examples of first -row transition metal -based WOCs, for 

example based on copper, iron and, cobalt, have gained favor 

due to their wide availabil i ty of materials, their low cost, and 

the low risk of depletion, but for now, they stil l suffer from 

high labil i ty of the ligands, difficulties in reaching high 

oxidation states and low efficiencies versus the classical 

ruthenium or iridium-based ones.15 

In this section, I present a new iridium-based WOC linked to 

the electrode surface through an innovative design. It exhibited 

high current densities with minimal loadings . The group of 

Prof. Brudvig at Yale University has recently discovered a 

new way of binding to titanium dioxide by the formation of a 

B-O bond between the SC and a N,N’-difluoroboryl -5-
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phenyldipyrrin, also known as meso-phenylBODIPY (Bod). This 

bond occurs when the 3 and 5 positions of the molecule, 

typically methylated in most li terature examples,16 , 17 are 

unsubstituted in order to avoid a steric confl ict with the 

surface. BODIPY dyes have always seen wide application in 

different fields, such as bioimaging, ion sensing, l ight -

harvesting, and as a hole - or electron–transfers.18 Moreover, 

they have recently been used in homo- or heterogeneous PC 

and DSPEC with the only purpose of being a light -harvesting 

material.19 -22 However, these dyes are typically functionalized 

on the phenyl ring with a carboxylic acid to bind the surface. 

In other cases, the 3 and 5 positions are functionalized with 

linkers and anchoring groups for surface attachment. 23 Since 

the 3 and 5 positions of BODIPY are typically substituted, it 

is no surprise that prior studies of surface attachment have 

involved substituted BODIPYs. This substitution is usually 

preferred because it provides many benefits, including higher 

extinction coefficients, 24 , 25 greater fluorescence quantum 

yields,26 a redshift of the visible absorption, 17 and good 

synthetic and commercial availabil i ty. 16 However, the steric 

bulk of these substitutions prevents the boron atom from 

having any direct interactions with the surface. The present 

study via XPS and IR on unsubstituted BODIPY confirmed the 

binding through the boron atom. This new anchor group 

exhibited better stabil ity in aqueous media than did the 

carboxylic acid version. Finally, studies with optical pump 

terahertz probe spectroscopy confirmed the electron injection 

of the BODIPY even if bonded through the boron atom. This 

result is convincing evidence that the anchoring chemistry 

does not inhibit the BODIPY derivatives from injecting excited 

electrons into the CB of TiO 2.  

The first study I did at Yale University regarded the synthesis 

of a series of 2,6-substituted Bod. I wanted to investigate the 

orientation of the molecule while binding the TiO 2 and the 



 
187 

influence that the functionalizations in the 2 and/or 6 

positions could have in the binding mode of this system. These 

results would be helpful for the design of new BODIPY dyes 

to couple with a particular WOC for application in DSPEC 

photoanodes. 

8.2 Optimization study 

In this optimization study, I synthesized five different BODIPY 

dyes; four of them have been substituted in the 2 and/or 6 

positions with bromine and/or a phenyl group (Figure 66).  

 

Figure 66: Molecular structure of investigated 2,6 -substituted 

compounds.  

In this study, the bromine is considered a small substituent 

since its van der Waals radius is comparable to that of a 

methyl substituent (~2.0 Å). 27 The influence of methyl 

substituents on the binding was studied previously study for 

substitution at the 3 and 5 positions, a result that is now in 

press. In the present work, we decided not to synthesize the 

2-phenyl derivative (Ph-Bod) because it had the same retention 

time as Br-Bod,28 hence purification was not possible. The 
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synthesis of these compounds was adapted from literature 

procedures 28 -30 as described in Scheme 11.  

Starting from 2,2'-(phenylmethylene)bis(1H-pyrrole),31 Bod was 

obtained after oxidation with 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) in dichloromethane, followed by insertion 

of the BF2 group by reaction of the mixture with BF3 ∙Et2O and 

triethylamine at reflux for 30 min. Bod was isolated after 

purification with column chromatography as an orange solid 

with green reflections. Bromination with liquid bromine in dry 

dichloromethane yielded Br2 -Bod and Br-Bod products as fuchsia 

and orange solids, respectively. A final palladium-catalyzed 

Suzuki-Miyaura cross-coupling, not pushed to completion, and 

performed on Br2 -Bod, gave Ph2 -Bod and BrPh-Bod. All 

compounds have been characterized via NMR (1H, 11B, 19F) 

spectroscopy and compared with literature data.  

Bod, Br2 -Bod, and Ph2 -Bod have been optically characterized 

in 10 - 5 M acetonitri le solution and their spectra normalized to 

their molar extinction coefficient as reported in Figure 67. 

The λmax of all compounds is reported in Table 9, as well as 

the relative molar extinction coefficients. The λmax of the most 

intense peak red-shifts of about 30 nm after the introduction 

of the bromine substituents, and of 80 nm after the insertion 

of two highly-conjugated donor groups in Ph2 -Bod. Furthermore, 

the introduction of two phenyl substituents allows an 

absorption up to 650 nm. 

Table 9: Optical parameters of the investigated compounds in 

acetonitrile solution 

Dye 
λmax

[ a ]  

(nm) 

ε 

(M - 1  cm - 1) 

Bod 346, 497 58000± 1000 

Br 2 -Bod 372, 530 51000± 1000 

Ph 2 -Bod 390, 580 44000± 1000 
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Scheme 11: Synthetic pathway for the investigated compounds. i) 1. 

DDQ, dry DCM, rt, 10 min, 2. Et 3N, BF3 ∙Et2O, reflux, 30 min; ii) Br 2, 

dry DCM, rt, 2 h; iii) phenylboronic acid, Pd(dppf)Cl2 ∙CH2Cl2, K2CO3, 

Et3N, Toluene/H2O (1:1), reflux, 45 min. 
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Figure 67: UV-vis spectra in acetonitrile of Bod. Br2-Bod, Ph2-Bod. 

The dye-sensitized films were prepared by soaking an oven -

dried TiO2 film on glass in a 5 mM dry acetonitrile/toluene 

(9:1) solution of the compound and left to sensitize for 20 h 

at room temperature in the dark. It is mandatory to avoid all 

contamination from water and humidity to ensure a 

satisfactory loading. After 20 h, the films were taken out 

from the sensitization solution and soaked into dry acetonitrile 

for a few minutes to remove all the unattached compounds. 

Finally, they were dried under nitrogen flow and kept in the 

dark until use. 

Due to the problems found in the optimization of the 

sensitization procedure, we managed to obtain the UV-vis 

analysis of just three dye-sensitized fi lms (Bod, Br2 -Bod, and 

Ph2 -Bod), and their spectra are shown in Figure 68 together 

with an image of the films. The presence of two big 

substituents, such as phenyl rings in Ph2 -Bod, on the 2 and 

6 positions made the loading on the SC practically impossible. 

On the other hand, the presence of two small substituents 

such as bromine atoms in Br2 -Bod, allowed the loading on the 

SC but the level was lower than for the unsubstituted Bod. 
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Figure 68: UV-vis spectra on TiO2 films sensitized with Bod, Br2-Bod 

or Ph2-Bod (left) and photo of the dye-sensitized films (right). 

A preliminary study of Br-Bod and BrPh-Bod showed a stronger 

absorption for the Br-Bod-sensitized film than the Br2 -Bod-

sensitized one and a similar absorption for the BrPh-Bod-

sensitized film. These data ideally needed multiple experiments 

for confirmation that were not possible because of time 

limitations. However, we hypothesize that the molecules should 

bind the TiO2 in an oblique mode with respect to the surface. 

Hence, the presence of small substituents on the 2 and 6 

positions might reduce the binding due to a steric clash. The 

presence of two large substituents almost completely prevents 

the binding as is the case for any substituent in the 3 and 5 

positions. On the other hand, the presence of just one 

substituent at the 2 position should allow binding with the 

TiO2. Further computational studies in collaboration with the 

research group of Prof. Batista at Yale University are now in 

progress to evaluate these hypotheses. 

8.3 Synthesis of the electrocatalyst 

The research group of Prof. Brudvig works on iridium catalysts 

for water oxidation. As is the case for their ruthenium 
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counterparts, the iridium catalysts need the proximity of two 

metal centers to perform water oxidation. They discovered the 

existence of Ir IV -oxo dimers whose molecular structure is stil l 

somewhat uncertain due to the presence of many active 

isomers.32 , 33 Based on these new results on BODIPY molecules, 

I decided to functionalize a ligand of the iridium WOC 

[Ir(pyalk)(CO)2]34 (pyalk = 2-(2 ′pyridyl)-2-propanolate) to 

anchor this catalyst on the electrode surface by exploiting the 

anchoring abil ity of BODIPY dyes. The designs I chose are 

depicted in Figure 69. I studied a monomeric design [Ir(3-

pyalkBod)(CO)(CH 3CN)] and a dimeric one Ir-3pyalkBod dimer. 

The dimer should favor the interaction between two iridium 

centers in proximity and be useful for the identification of 

the active species in water oxidation. Because of time 

limitations, I was only able to finish the synthesis and the 

characterization of the monomer. 

 

Figure 69: Molecular structures of the investigated compounds. 

The [Ir(3-pyalkBod)(CO)(CH 3CN)] molecule contains two 

different units connected through an amide bond. The first 

unit is a meso-phenylBodipy functionalized with an amine 

group on the phenyl ring and without any α -substituents on 
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the pyrrole rings to act as the anchor group. The second one 

is the catalytic core, resembling [Ir(pyalk)(CO)2] . The addition 

of a carboxylic group on the meta position of the pyridyl ring 

should connect these two units, breaking the conjugation 

between them and avoiding detrimental charge recombination 

reactions between the WOC and the electrode surface.  

The synthetic pathway for the molecules of interest is shown 

in Scheme 12. First, the 2-(2-pyridyl)-2-propanol  was properly 

functionalized for binding to a modified BODIPY molecule. The 

starting reaction is a pseudo-Minisci radical substitution that 

attached an acetyl group on a 3-cyanopyridine by reaction 

with metaldehyde, iron sulfate, and tert-butyl hydroperoxide 

in an acid environment. Then, the addition of a methyl group 

to the carbonyl functionality using methylmagnesium bromide, 

and a final hydrolysis reaction to convert the nitrile 

functionality into a carboxylic acid , performed refluxing the 

previously obtained product in a mixture of ethanol and sodium 

hydroxide yield intermediate 3. On the other hand, a BODIPY 

dye is modified to exploit an amine functionali ty to form an 

amide bond with 3. The amino-functionalized BODIPY portion 

is prepared by adapting from literature procedures. 35 , 36 The 

dipyrrinmethane is prepared by condensing 4-nitrobenzaldehyde 

and pyrrole using indium trichloride as the catalyst. Then, 

oxidation with DDQ, subsequent insertion with boron trifluoride 

diethyl etherate in presence of N,N-di isopropylethylamine and 

in the end reduction with iron in acid condition yield the 

amino-functionalized N,N’-difluoroboryl -5-phenyldipyrrin 6. The 

3-pyalkBod ligand is obtained after condensation of compound 

3 and compound 6 using oxalyl chloride in benzene to first 

generate the acyl chloride of 3 and then condense it with the 

amine functionality of 6 in a basic environment. Finally, the 

[Ir(3-pyalkBod)(CO)(CH 3CN)] WOC is obtained after adding to 

[Ir(cod)Cl]2 (cod = 1,5-cyclooctadiene) a dichloromethane 

solution of 3-pyalkBod, previously deprotonated with an 
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aqueous solution of K 2CO3. After a short stirring in a nitrogen 

environment, carbon monoxide is bubbled for 5 minutes to 

exchange the cod ligand with it and the final addition of 

acetonitrile releases the desired product.  

 

Scheme 12: Synthetic route for [Ir(3-pyalkBod)(CO)(CH3CN)]. i) 1. 

metaldehyde, acetonitrile, rt, 10 min, 2. FeSO 4 ∙H2O, trifluoroacetic acid, 

70% tert-butyl hydroperoxide aqueous solution, reflux, 3.5 h; ii) methyl 

magnesium bromide, anhydrous THF, 0 °C, 3 h; iii) NaOH, EtOH 70%, 

reflux, 3 h; iv) 1. DDQ, extra dry DCM, rt, 30 min, 2. N,N-

diisopropylethylamine, boron trifluoride diethyl etherate, reflux, 1 h; 

v) iron (powder), HCl 12 M, EtOH/H2O (6:1), reflux, 90 min; vi) 1. 

3, oxalyl chloride, extra dry DMF, anhydrous benzene, rt, 1.5 h, 2. 

triethylamine, extra dry DCM, rt, overnight; vii) 1. K 2CO3(aq) , DCM, rt, 

30 min, 2. [Ir(cod)Cl]2, rt, 30 min, 3. CO bubbling, rt, 5 min , 4. 

CH3CN. 

The [Ir(3-pyalkBod)(CO)(CH 3CN)] has been characterized with 

FTIR, NMR (1H, 11B, 19F), and HRMS to check the purity and 

the correct structure. FTIR confirms the formation of the 

complex showing the peak at 2024 cm-1 assigned to the CO 

ligand. The boron triplet and the fluorine doublet of doublets, 

respectively in 11B and 19F NMR, confirms the retention of the 

BF2 core and the addiction of the iridium center in the correct 

position. The signal of the acetonitrile ligand in 1H NMR is 

easily recognizable because it is slightly shifted to lower fields 
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with respect to the signal of the acetonitrile solvent (1.96 

ppm in DMSO-d6). The HRMS spectrum shows the presence of 

the compound of interest but also the formation of more 

complex structures with a sort of periodical increase in the 

mass signals. This behavior is stil l under investigation.  

We studied these compounds both on ITO and FTO+TiO 2 films. 

With the former, we investigated the electrochemical behavior 

of the WOC, with the latter the photoelectrochemical behavior 

of the iridium-bodipy dyad. An ITO or TiO2 film was soaked 

in catalyst or ligand 5 mM dry acetonitrile solution and left 

sensitizing for 20 h at room temperature in the dark. It is 

crucial to avoid all the contamination from water and humidity 

to ensure a satisfactory loading. Then , the films were taken 

out, soaked into dry acetonitrile for a few minutes to remove 

all the unattached compounds, and dried under nitrogen flow 

before use.  

8.4 Optical properties 

The absorption spectra of 3-pyalkBod and [Ir(3-

pyalkBod)(CO)(CH 3CN)] in acetonitrile solution are reported in 

Figure 70 and normalized to the maximum value. BODIPY dyes 

are characterized by a strong absorption referred to the S0 -S1 

(π–π*) transition with a λmax of about 500 nm.29 A weaker 

transition at higher energy, around 300-400 nm, is solvent 

dependent and it is attributed to the S0 -S2 transition related 

to the electronic configuration of the substituents.37 Both 3-

pyalkBod and [Ir(3-pyalkBod)(CO)(CH 3CN)] present the same 

absorption contour in the BODIPY portion, and this is another 

confirmation of the presence of the boron difluoride group in 

the correct position. Moreover, this confirms that the 

functionalization of the pyridyl ring in meta avoids the 
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conjugation in the complex and thus the displacement of the 

energy levels of the catalyst and of the dye.  

 

Figure 70: Absorption spectra in acetonitrile solution of the investigated 

compounds. 

With respect to the benchmark Bod (Paragraph 8.2), the most 

significant difference in 3-pyalkBod is a broadening and red-

shifting of about 40 nm of the second transition band due to 

the presence of a more complex electron-withdrawing 

substituent on the meso-phenyl ring. It is interesting the 

presence of the peak at 360 nm in the [Ir(3-

pyalkBod)(CO)(CH 3CN)] spectrum whose shape is similar to the 

[Ir(pyalk)(CO)2 ] spectrum. The difference of about 15 nm in 

the λmax for that transition may be attributed to the presence 

of an electron-withdrawing group on the pyridyl ring of 3-

pyalkBod in [Ir(3-pyalkBod)(CO)(CH 3CN)]. 

The absorption spectra on ITO or TiO 2 films measured using 

an integrating sphere are reported in Figure 71 and Figure 

72, respectively.  
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Figure 71: Absorption spectra of the ITO films sensitized with 3-

pyalkBod and [Ir(3-pyalkBod)(CO)(CH3CN)]. 

On ITO films, the peak of the S0 -S1 transition is stil l 

recognizable and it is slightly redshifted of less than 5 nm. 

The absorption of the [Ir(3-pyalkBod)(CO)(CH 3CN)] -sensitized 

film is lower with respect to the 3-pyalkBod one. The lower 

loading may be attributed to a lesser solubil i ty of the 

compound in the sensitization solution that needs to be highly 

concentrated (5 mM). On the TiO 2 film, the situation is similar 

(Figure 72). The strong absorption related to the S0 -S1 

transition of the bodipy portion is stil l recognizable at 500 

nm. However, a secondary peak at 415 nm is present. It could 

be attributed to the transition related to the iridium portion 

and the formation of dimeric species. This peak is also present 

in the ITO spectrum as a small hump at 414 nm. The correct 

attribution to this peak is stil l under investigation. In all the 

spectra, a significant sloping basel ine is observed. This 

increased absorbance could be attributed to the doping of boron 

from the bodipy-based compounds into the surface of the TiO 2 

as the molecules bind to the surface. This increase in 
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absorbance has been reported before for boron doping of TiO 2 

and it may also happen in ITO films. 38 

 

Figure 72: Absorption spectra of the FTO+TiO 2 films sensitized with 3-

pyalkBod and [Ir(3-pyalkBod)(CO)(CH3CN)]. 

8.5 Electrochemistry 

Electrochemical characterization of the WOC was performed 

only on films to avoid the generation of complex structures 

by aggregation or formation of clusters. CV of the sensitized 

ITO films was performed in 0.1 M Na 2SO4 aqueous solution at 

pH 6.7, as shown in Figure 73. The CV of the 3-pyalkBod-

sensitized film presents a similar profile to the blank ITO 

film. It may mean that the 3-pyalkBod by itself is not able 

to generate any current even under an applied potential. [Ir(3-

pyalkBod)(CO)(CH 3CN)]-sensitized film, instead, shows a high 

catalytic wave at +1.2 V vs NHE that can be assigned to 

water oxidation catalysis. 39 Then we also see a reversible 

redox peak at E 1/2 = +0.74 V vs NHE and another irreversible 

reduction peak at +1.07 V vs NHE are present that might be 
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attributed to the Ir(III/IV) couple. However, the potentials 

seem shifted about 0.1 V with respect to similar systems, thus 

further studies comparing with other iridium catalysts in the 

same conditions are needed to test this hypothesis.  

 

Figure 73: CV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-sensitized 

ITO films in Na2SO4 0.1 M in H2O at pH 6.7 degassed with nitrogen. 

LSV further confirmed the inabil i ty of 3-pyalkBod in generating 

currents (Figure 74). In fact, the current evolved by the 3-

pyalkBod-sensitized film is almost negligible compared to the 

[Ir(3-pyalkBod)(CO)(CH 3CN)]-sensitized one. At +1.2 V vs NHE, 

the difference in current densities between the two fi lms is 

about 1.4 mA cm - 2 and keeps increasing while scanning to 

higher potentials. Thus, we decided to perform the CA to 

evaluate the generated current versus time at that potential. 

As it is shown in Figure 75, the WOC-sensitized film presents 

a high initial peak with a sharp decrease over time. However, 

it exhibited a current of 100 μA cm - 2 after 150 s of 

experiments, which is more than ten-fold the current generated 

by 3-pyalkBod.  
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Figure 74: LSV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-

sensitized ITO films in Na 2SO4 0.1 M in H2O at pH 6.7 degassed with 

nitrogen. 

 

Figure 75: CA of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-

sensitized ITO films in Na 2SO4 0.1 M in H2O at pH 6.7 degassed with 

nitrogen with an applied bias of +1.2 V vs NHE. 
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Moreover, the currents obtained by this innovative WOC are 

higher than the ones generated with a previous published 

iridium WOC (Figure 76).40 This could be attributed to a 

different design in the ligand struc ture, which incorporates 

the anchor functionality. Both ligands are characterized by a 

rigid structure due to the presence of the amide bond. 

However, the functionalization at position 3 of pyalk, instead 

of position 4, might favor the formation of more complex 

structures while reducing the conjugation along the molecule. 

In fact, the position of the iridium center in the 3 -substituted 

compound is lateral with respect to the axis of the ligand and 

not on the top of it like in the other case. This conformati on 

might favor the interaction of two iridium centers bound to 

the electrode surface. This kind of interaction would be 

completely forbidden in the other case since the iridium center 

is aligned with the ligand and the contact with another iridium 

center should be more challenging. More investigations 

regarding oxygen evolution, XPS, and Terahertz spectroscopy 

are now ongoing to better evaluate [Ir(3-pyalkBod)(CO)(CH 3CN)] 

and its capabil i ties in water oxidation. 

 

Figure 76: Molecular structures of the previous iridium WOC of ref 40 

and [Ir(3-pyalkBod)(CO)(CH3CN)].  
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8.6 Photoelectrochemistry 

Since 3-pyalkBod is visible-l ight active, [Ir(3-

pyalkBod)(CO)(CH 3CN)] can be considered as a dyad for DSPEC 

composed of the iridium center as WOC and 3-pyalkBod as the 

photosensitizer. Hence, we decided to study its 

photoelectrochemical water oxidation capability in DSPEC. In 

this case, the photoanode was composed of an FTO layer 

covered with a ~4 μm thick layer of TiO 2 obtained by doctor 

blading. The setup of the cell for the electrochemical study 

was the same as in the previous study. CV of the sensitized 

TiO2 films was performed in 0.1 M Na 2SO4 aqueous solution at 

pH 6.7 and it is shown in Figure 77.  

 

Figure 77: CV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-sensitized 

FTO+TiO2 films in Na2SO4 0.1 M in H2O at pH 6.7 degassed with 

nitrogen. 

As in the other case, 3-pyalkBod showed a current density 

comparable to the blank, and the Ir(3-pyalkBod)(CO)(CH 3CN)]-

sensitized electrode presented about the same trend showing a 

redox peak at E1/2 = +0.74 V vs NHE and the irreversible 

reduction peak at +1.15 V vs NHE. The high catalytic wave 
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that started at +1.1 V vs NHE confirmed the capabili ty of this 

electrode in the oxidation of water. 39 Not surprisingly, the 

current densities obtained in the ITO case are higher because 

TiO2 is less conductive than the ITO. 

LSV and CA were performed in a PEC supported with a quartz 

window in the same three-electrode setup, using Ag/AgCl (KCl 

3 M) as RE and a platinum wire as CE. All the experiments 

are compared to a bare FTO+TiO 2 film. The LSV performed in 

the dark reflects the same result obtained with the ITO sl ides 

(Figure 78). The difference in generated current between the 

[Ir(3-pyalkBod)(CO)(CH 3CN)] - and 3-pyalkBod-sensitized films 

was around 200 μA cm - 2 at 1.2 V vs NHE and kept increasing 

on moving to higher potentials.  

 

Figure 78: LSV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-

sensitized FTO+TiO2 films in Na2SO4 0.1 M in H2O at pH 6.7 degassed 

with nitrogen in the dark. 

LSV characterization was performed also under continuous and 

chopped irradiation (Figure 79). However, the difference 

between the current generated in the dark and under 

irradiation is slight, suggesting that this dyad cannot work by 

itself in a DSPEC. Also, the 3-pyalkBod-sensitized electrode 
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was tested under continuous and chopped irradiation, but, as 

we supposed, the current densities did not change (Figure 80). 

 

Figure 79: LSV of [Ir(3-pyalkBod)(CO)(CH3CN)]-sensitized FTO+TiO2 films 

in Na2SO4 0.1 M in H2O at pH 6.7 degassed with nitrogen in the dark, 

under continuous and 5-s-chopped irradiation. 

 

Figure 80: LSV of 3-pyalkBod-sensitized FTO+TiO2 films in Na2SO4 0.1 

M in H2O at pH 6.7 degassed with nitrogen in the dark, under 

continuous and 5-sec-chopped irradiation. 
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The CA experiments gave a further confirmation of the 

inabil i ty of this compound to perform as a dyad in DSPEC 

photoanodes (Figure 81). The CA was performed under chopped 

irradiation, and no difference was obtained in the generated 

currents when the light was turned on. It could mean that 

the charge transfer in this system does not pass through the 

dye or that the 3-pyalkBod does not possess the correct energy 

levels for driving the iridium WOC in water oxidation. 

 

Figure 81: Chronoamperometry of TiO 2+ FTO films sensitized with [Ir(3-

pyalkBod)(CO)(CH3CN)] and 3-pyalkBod in 0.1 M Na2SO4(aq ) at pH 6.7 

with an applied bias of +1.0 V versus Ag/AgCl under 30-s chopped 

illumination (Solar simulator; 420< <800 nm). 

We know from previous studies with Terahertz spectroscopy 

that BODIPY dyes anchored to TiO 2 by the boron functionality 

can inject the electrons in the CB of TiO 2. We stil l need to 

understand if the charge transfer between the dye and the 

WOC portion is possible or not and if this kind of l igand 

recombines immediately. Moreover, from the CV profiles on 

both ITO and TiO2 , 3-pyalkBod did not exhibit any oxidation 

or reduction peak in that range, suggesting that its energy 

levels may not match the photoelectrochemical system. These 
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results could also be related to the decrease in the generated 

currents over time, probably due to an incorrect regeneration 

of the catalyst. 

In conclusion, I investigated the binding mode of a new 

anchoring group for titanium dioxide that exploits a BODIPY 

molecule for the formation of a B-O bond with the SC surface. 

I first functionalized four different BODIPY dyes in positions 

2 and 6 with small and large substituents to study the 

influence of these substitutions on the binding mode. I found 

that the presence of only one substituent d id not influence 

the binding mode, while the presence of the second substituent 

reduced it until almost preventing it if the substituent is large. 

The preliminary results obtained were useful for the design of 

a new iridium-based WOC that exploited the BODIPY portion 

as the anchor group. This catalyst exhibited good water 

oxidation capabilities generating high current density on ITO 

films. Since one of its ligands, 3-pyalkBod, is visible light 

active, we decided to study this compound as dyad in a 

photoanode for DSPEC. However, solar irradiation did not 

influence its performance, indicating an incorrect charge 

transfer from the WOC to the dye. Further studies with XPS, 

Terahertz spectroscopy, and transmission electron microscopy 

are ongoing to individuate the water oxidation active species 

in this research. 

8.7 Experimental sections 

8.7.1 Preparation of the ITO films 

Thin fi lms of nanopart iculate indium tin oxide (ITO) were made on FTO 

coated glass electrodes. The FTO coated glass was washed by success ive 

sonicat ion in ethanol , water, isopropanol , and acetone. A paste was made 

by sonicat ing 0.5 g ITO nanopart ic les in 0.5 g glac ial acet ic ac id and 1 g 

ethanol . Then the paste was deposi ted onto the cleaned FTO glass using a 

doctor blading method with one layer of Scotch® Magic™ Tape as the 
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barr ier . The fi lms were then annealed in a muffle furnace at 500 °C for 

one hour. Final ly, the fi lms were reduced in a tube furnace with an 

atmosphere of 5% H 2 in N2 and heated to 300 °C for one hour . 

8.7.2 Preparation of the TiO2 films 

Mesoporous nanopart iculate TiO 2 thin fi lms were doctor -bladed onto FTO 

sl ides , and then annealed for a final thickness of ca. 4 μm, fol lowing a 

l i terature procedure. 4 1 The FTO coated glass electrodes were cleaned via 

sonicat ion to remove any surface contamination that might be present on. 

Each sonicat ion step took about 15 minutes beginning with water and 

fol lowed by acetone, isopropanol , and ethanol . After sonicat ion, the sl ides 

were then blown dry with air . One layer of TiO 2 was deposi ted onto the 

clean substrate by doctor -blade, us ing commercial TiO 2 paste and one layer 

of Scotch® Magic™ Tape as the barr ier . Ti -Nanoxide T/SP paste was 

purchased from Solaronix and used as received. The samples were then 

thermal ly annealed in a box oven by heating from 25 to 370 °C at a rate 

of 180 °C/h, holding at 370 °C for 10 min, fol lowed by heating to 480 °C 

at a rate of 180 °C/h, holding at 480 °C for 30 min, and final l y returning 

to room temperature through ambient cool ing. The resul t ing thickness of 

the fi lms was ~4 μm as determined by profi lometry.  

8.7.3 Sensitization of the films 

The dye-sensi t ized fi lms are prepared using a Schlenk technique. Pyrex 

overnight oven-dr ied text tubes are cooled under vacuum and then a 

nitrogen atmosphere is generated. The weighted compound and the fi lm are 

inserted under nitrogen atmosphere in the sealed test tube. The solvents 

are dried over molecular s ieve for one week before using. The r ight amount 

of solvent to achieve 5 mM solut ion is added to the test tube. The f i lm s 

are left sensi t iz ing in the dark for 20 h. After that t ime, the fi lm s are 

washed with dry ACN and dried using nitrogen flow. The fi lm s are kept 

in the dark unti l measurement.  

8.7.4 Optical and (photo)electrochemical 
investigation 

The UV-Vis spectra, CV and LSV were recorded in comparison with a bare 

ITO or TiO 2 fi lm. UV-vis ible absorption spectra were col lected using a 

Shimadzu UV-2600 spectrophotometer . Cycl ic Voltammetry (CV), L inear 

Sweep Voltammetry (LSV) and Chronoamperometry (CA) were carr ied out 

at a scan rate of 100 mV s - 1 , us ing a Pine Research Instruments WaveDrive 

20 bipotentiostat in a three -el ectrode electrochemical cel l under nitrogen. 

The working electrodes were sensi t ized 4-µm-thick TiO 2 fi lms, the counter 

a Pt wire and the reference an Ag/AgCl (sat.) electrode. The reference 

electrode was cal ibrated by adding ferrocene (10 - 3 M) to the test so lut ion 
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after each measurement (potentials measured versus Fc/Fc + and converted 

to NHE by addit ion of +0.40 V) . 4 2 The scan rate is 50 mV/s. The appl ied 

bias in CA is +0.8 V vs NHE. Photoelectrochemistry has been performed in 

a PEC with a quartz window (cut -off ~ 200 nm) in the same three -elec trode 

setup. The irradiat ion was performed with so lar s imulator (AM 1.5G, 1 

sun, 420< λ <800) 

8.7.5 Synthesis  

NMR spectra were recorded with Bruker Avance Neo spectrometer operat ing 

at 400 MHz ( 1H), 100 MHz ( 1 3C), 128 MHz ( 1 1B), and 376 MHz ( 1 9F). 

Coupl ing constants are given in Hz. High resolut ion mass spe ctra have 

been recorded with a ThermoScienti f ic QExact ive Orbi trap FT -MS with a 

Dionex 3000 UPLC system. Attenuated total ref lectance Fourier transform 

infrared (ATR-FTIR) spectroscopic measurements were performed using an 

Agi lent Technologies Cary 600 ser ies FTIR spectrometer and a PIKE 

technologies GladiATR. F lash chromatography was performed with Si l icyc le 

Si l iaFlash P60si l ica gel 230 –400 mesh (60 Å). React ions performed under 

inert atmosphere were performed in oven -dr ied glassware, and a nitrogen 

atmosphere was generated with Schlenk technique. The convers ion was 

monitored by thin - layer chromatography by using UV l ight (254 nm) as a 

visual iz ing agent. Al l reagents were obtained from commercial suppliers at 

the highest puri ty grade and used without fur ther purif icat ion. Anhydrous 

solvents were purchased over molecular s ieves from Acros Organics and 

used without further purif icat ion. Extracts were dried with Na 2SO 4  and 

fi l tered before removal of the solvent by evaporat ion . Compounds ( T-4) -

Dif luoro[2 - [phenyl(2H-pyrrol -2 -yl idene-κN)methyl ] -1H-pyrrolato - κN]boron 

(Bod),4 3 (T-4) - [4 -Bromo-2- [(4-bromo-2H-pyrrol -2 -yl idene-κN)phenylmethyl ] -1H-

pyrrolato - κN]dif luoroboron (Br 2 -Bod),3 0 (T-4) - [4 -Bromo-2- [phenyl(2H-pyrrol -2 -

yl idene-κN)methyl ] -1H-pyrrolato -κN]dif luoroboron (Br-Bod),3 0 and 2,2' - ((4-

ni trophenyl)methylene)b is(1H-pyrrole) (4) 3 1 were prepared according to 

l i terature . 

(T-4) - [4 -Phenyl -2- [(4-phenyl -2H-pyrrol -2 -yl idene-κN)phenylmethyl ] -1H-

pyrrolato -κN]dif luoroboron (Ph 2Bod) and (T-4) - [4 -Bromo-2- [(4 -phenyl -2H-

pyrrol -2 -yl idene-κN)phenylmethyl ] -1H-pyrrolato -κN]dif luoroboron (PhBrBod) : 

Ph 2Bod and PhBrBod were obtained from the same Suzuki -Miyaura react ion 

adapting from the l i terature 3 0 and stopping i t before complete convers ion. 

In a two-necked round-bottom flask under nitrogen atmosphere, Br 2 -Bod (62 

mg, 0.15 mmol) was solubi l ized in toluene (6 mL), then phenylboronic ac id 

(45 mg, 0.37 mmol) and water (5 mL) were added to the react ion mixture. 

The solut ion was inflated with nitrogen for 30 min, then Pd(dppf)Cl 2 ∙DCM 

was added, and the solut ion degassed for other 15 min. In the end K 2CO 3 

(207 mg, 1.5 mmol) and two drops of Et 3N were added and the react ion 
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was heated to ref lux for 45 min. The react ion is quenched by pouring into 

a saturated solut ion of NH 4Cl (30 mL) and DCM (30 mL). After st irr ing 

for 30 min, f i l trat ion on Cel i te and separat ion of the two phases al lowed 

to isolate the crude product . I t is then purif ied through column 

chromatography on si l ica gel (Hexanes/AcOEt, 6:1). The des ired products 

were isolated as a deep-blue sol id in the case of Ph 2Bod (35 mg, 0.083 

mmol , 55%) and a purple sol id in the case of PhBrBod (20 mg, 0.05 mmol 

30%). Ph 2Bod:
 1H NMR (400 MHz, CDCl 3) δ 8.30 (s, 2H), 7.66 (t, J = 7.5 

Hz, 3H), 7.63 – 7.57 (m, 2H), 7.53 (d, J = 7.7 Hz, 4H), 7.38 (t, J = 7.4 

Hz, 4H), 7.29 (d, J = 6.9 Hz, 2H), 7.10 (s, 2H). 1 9F NMR (376 MHz, 

CDCl 3) δ -145.30 (dd, J = 57.5, 28.5 Hz) . 1 1B NMR (128 MHz, CDCl 3) δ 

0.28 (t , J = 29.1 Hz) . PhBrBod: 1H NMR (400 MHz, CDCl 3) δ 8.35 (s, 1H), 

7.80 (s, 1H), 7.68 – 7.55 (m, 5H), 7.52 (d, J = 7.4 Hz, 2H), 7.38 (t, J 

= 7.3 Hz, 2H), 7.31 (d, J = 7.3 Hz, 1H), 7.14 (s, 1H), 6.89 (s, 1H).  1 9F 

NMR (376 MHz, CDCl 3) δ -145.20 (dd, J = 56.8, 28.5 Hz).  1 1B NMR (128 

MHz, CDCl 3) δ -0.01 (t, J = 28.2 Hz) . 

6-acetylnicot inonitr i le (1) : Fol lowing a reported procedure 4 0 with 

modif icat ions, a mixture of nicot inonitr i le (1.04 g, 10.0 mmol) and 

metaldehyde (8.81 g, 50.0 mmol) in acetoni tr i le (30 mL) was st irred at 

room temperature under air for 10 min. Iron(II) sulfate heptahydrate (44 

mg, 0.16 mmol) , tr i f luoroacet ic ac id (1.16 g, 10.2 mmol) , and a 70% tert -

butyl hydroperoxide aqueous solut ion (3.85 mL, 28.0 mmol) were then 

added in sequence. The mixture was ref luxed under air for 17 h. The 

resul t ing brown solut ion was concentrated to afford an oi l , which was 

di luted with ethyl acetate (10 mL) and washed with saturated NaHCO 3 

aqueous solut ion (20 mL). The aqueous layer was extracted with ethyl 

acetate (30 mL  3). The organic extract was washed with brine, dr ied 

with Na 2SO 4 , and fi l tered . The fi l trate was concentrated and 

chromatographed (s i l i ca gel , hexanes/ethyl acetate = 5:1 to 3:2). The first 

band was col lected and concentrated to afford a white sol id (447 mg, 

31%): TLC (s i l i ca, hexanes/ethyl acetate = 3:1) R f = 0.42; 1H NMR (CDCl 3 , 

400 MHz)  8.94 (s, 1H), 8.14 (d, J = 8.0 Hz, 1H), 8.09 (d, J = 8.5 Hz, 

1H), 2.74 (s, 3H). 

6-(2-hydroxypropan-2-yl)nicot inoni tr i le (2) : Compound 1 (200 mg, 1,37 

mmol) is solubi l ized in anhydrous THF (8 mL) in an oven -dr ied two-necked 

round bottom flask under nitrogen atmosphere . The solut ion is cooled with 

an ice bath and kept st irr ing for 15 min. a first port ion of 

methylmagnesium bromide (0.8 mL, 2 mmol , 3 M) is s lowly added dropwise. 

The solut ion changed from pale yel low to red and the solut ion is kept 

st irr ing at 0 °C for 1 h. Then, the second port ion of methylmagnesium 

bromide (0.5 mL, 1.5 mmol , 3 M) is added and the solut ion is kept st i rr ing 
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at 0 °C for 1 h and then left coming back to room temperature. The 

react ion is quenched pouring into an aqueous solut ion of NH 4Cl and left 

st irr ing overnight. The mixture is separated, and the aqueous phase is 

extracted twice with AcOEt. The organic phases are combined, dried over 

sodium sulfate, f i l tered and the solvent i s removed through rotary 

evaporat ion. The crude product is purif ied through flash co lumn 

chromatography (SiO 2 , AcOEt/Hex, 1:1) . The des ired product is isolated as 

a yel lowish oi l (135 mg, 0.83 mmol , 60%). 1H NMR (400 MHz, CD 3CN) δ 

8.85 (dd, J = 2.1, 0.7 Hz, 1H) , 8.11 (dd, J = 8.3, 2.2 Hz, 1H), 7.80 (dd, 

J = 8.3, 0.8 Hz, 1H) , 3.89 (s, 1H), 1.52 (s, 6H).  

6-(2-hydroxypropan-2-yl)nicot inic ac id (3) : Compound 3 is synthes ized 

adapting from an exist ing l i terature procedure. 4 4 Compound 2 (135 mg, 

0.83 mmol) is solubi l ized in 2 mL EtOH 70% and sol id NaOH (133 mg, 3.3 

mmol) is added. The so lut ion is st irred for 10 min at rt and became red. 

The solut ion is heated at 89 °C for 4 h. The react ion is quenched reducing 

the solvent and adding 0.2 mL HCl 37% to neutral ize the solut ion . The 

sol id res idues were fi l tered, and the l iquid phase is col lected, the so lvent 

evaporated , and the product is obtained as a brown sol id in a quanti tat ive 

yield. 1H NMR (400 MHz, H 2O+D2O) δ 8.91 (s, 1H), 8.29 (dd, J = 8.3, 2.0 

Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 1.95 (d, J = 2.8 Hz, 1H) , 1.62 (s, 

6H). 

5,5-di f luoro-10-(4-ni trophenyl) -5H-4λ4 ,5λ4 -d ipyrrolo[1 ,2 -c :2' ,1 ' -

f ] [1 ,3,2 ]diazaborinine (5) : In an oven-dr ied two-necked round bottom flask, 

compound 4 (500 mg, 1.87 mmol) is dissolved in extra  dry DCM (30 mL) 

under nitrogen atmosphere. 2,3 -dichloro-5,6 -dicyano-1,4-benzoquinone (425 

mg, 1.87 mmol) is added to the st irr ing solut ion in two port ion and the 

solut ion is left st irr ing at rt for 30 min. The solut ion assumed a dark 

color . Freshly dist i l l ed boron tr i f luor ide diethyl etherate (3.7 mL, 30 mmol) 

is added to the solut ion and after 10 min, N,N-di isopropylethylamine (5 

mL, 28 mmol) is slowly added dropwise . The solut ion is st irred for 30 min 

at rt and then ref luxed for 1 h. The react ion is quenc hed pouring into a 

mixture of DCM and water, st irred for 30 min, and then fi l trated over 

cel i te. The biphasic mixture is separated , the organic phase is washed with 

water three times and then the aqueous phase is extracted back once with 

DCM. The organic phases are col lected, dr ied over sodium sulfate , f i l t rated 

and the solvent is evaporated through rotary evaporat ion. The crude 

product is purif ied with a fi l trat ion over s i l ica (Hex /AcOEt, 2:1) and then 

is crystal l ized in hexane to obtain the product as a b rown sol id with green 

ref lexes (260 mg, 0.83 mmol , 44%). 1H NMR (400 MHz, CDCl 3) δ 8.64 – 

8.24 (m, 2H), 8.00 (s, 2H), 7.92 – 7.60 (m, 2H), 6.85 (d, J = 4.2 Hz, 

2H), 6.59 (d, J = 4.2 Hz, 2H).  1 1B NMR (128 MHz, CDCl 3) δ 0.25 (t, J = 

28.4 Hz) . 1 9F NMR (376 MHz, CDCl 3) δ -145.02 (dd, J = 57.0 , 28.4 Hz). 
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4-(5,5-di f luoro-5H-4λ4 ,5λ4 -d ipyrrolo[1 ,2 -c :2' ,1 ' - f ] [1,3 ,2]diazaborinin -10-

yl)ani l ine (6) : Compound 5 (150 mg, 0.48 mmol) is suspended in absolute 

EtOH (16 mL), subsequently iron powder (200 mg, 3.6 mmol) ,  water (2.7 

mL) and HCl 37% (0.06 mL) are added. The react ion is left st irr ing at 95 

°C for 1.5 h. Hot fi l trat ion is performed to remove the black prec ipi tate . 

The solvent is evaporated, and the crude product is purif ied on a si l ica 

pad using DCM as eluent . The pure product is obtained as an orange sol id 

(100 mg, 0.35 mmol , 73%). 1H NMR (400 MHz, CDCl 3) δ 7.89 (s, 2H), 

7.45 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 3.9 Hz, 2H), 6.78 (d, J = 8.5 Hz, 

2H), 6.54 (d, J = 2.6 Hz, 2H), 4.10 (s, 2H). 1 1B NMR (128 MHz, CDCl 3) 

δ 0.30 (t, J = 29.0 Hz). 1 9F NMR (376 MHz, CDCl 3) δ -145.21 (dd, J = 

58.2, 29.1 Hz).  

N-(4-(5,5-di f luoro-5H-4λ4 ,5λ4 -d ipyrrolo[1 ,2 -c :2' ,1 ' - f ] [1 ,3,2]diazaborinin -10-

yl)phenyl) -6-(2-hydroxypropan -2-yl)nicot inamide (3 -pyalkBod) : In an oven-

dr ied two-necked round bottom flask, compound 3 (215 mg, 1 mmol) is 

suspended in dry benzene (12 mL) under nitrogen atmosphere. Oxalyl 

chlor ide (0.4 mL, 0.76 mmol , 2M) is added dropwise and the five drops 

of extra dry DMF are added to solubi l ize everything and gas bubbles started 

forming. The solut ion is left st irr ing at rt for 1.5 h. The solvent is reduced 

to 2 mL and extra dry DCM (12 mL), compound 6 (110 mg, 0.38 mmol) 

and tr iethylamine (0.1 mL, 0.76 mmol) are added. The solut ion is left 

st irr ing at rt overnight . The react ion is quenched evaporat ing the solvent, 

adding water , and fi l trat ing the red prec ipi tate formed. The product is 

purif ied through flash column chromatography (SiO 2 , AcOEt -Hex-TEA, 

1:1:0 .05). The product is obtained as a red sol id (20 mg, 0.05 mmol , 

13%). 1H NMR (400 MHz, CDCl 3) δ 9.03 (d, J = 1.7 Hz, 1H), 8.45 (s, 1H), 

8.19 (dd, J = 8.3, 2.3 Hz, 1H), 8.08 (s, 1H), 7.92 (s, 2H), 7.82 (d, J = 

8.6 Hz, 2H) , 7.56 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.3 Hz, 1H) , 6.94 (d, 

J = 4.1 Hz, 2H), 6.55 (dd, J = 4.2, 1.8 Hz, 2H), 1.84 (s, 6H). 1 1B NMR 

(128 MHz, CDCl 3) δ 0.29 (t, J = 28.9 Hz). 1 9F NMR (376 MHz, CDCl 3 ) δ -

144.68 (dd, J = 57.8, 28.8 Hz). 1 3C NMR (101 MHz, CDCl3) δ 166.81, 

164.14, 160.09, 147.28, 144.18, 140.29, 136.25, 134.99, 131.83, 131.53, 

130.30, 128.96, 120.03, 119.31, 118.73, 83.23, 27.59. ATR-FTIR υ/(cm - 1) : 

3336(b), 2913(b), 1551 (s), 1380(s), 1068(b), 728 (b) . HRMS m/z: calcd. 

for [M+H] + C 2 4H2 1BF 2N4O 2 : 447.1804, found 447.1777. 

[ Ir(3-pyalkBod)(CO)(CH 3CN) ] : In a round bot tom flask, 3-pyalkBod (10 mg, 

0.02 mmol) is dissolved in 2 mL DCM and a 1 mL aqueous solut ion of 

K2CO 3  (3 mg, 0.01 mmol) is added. The mixture is st irre d and degassed 

for 30 min with nitrogen. In a second oven -dr i ed two-necked round bottom 

flask, [Ir(cod)Cl ] 2 (7 mg, 0.01 mmol) is added whi le only the DCM solut ion 

is transferred from the first f lask to the second. The new solut ion is left 
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st irr ing ti l l everything is solubi l ized. Then CO is bubbled for 5 min. 

Acetoni tr i le is added and a dark sol id formed. The sol id is f i l tered , and 

the acetoni tr i le solut ion is evaporated to obtain a brown sol id with a 

quanti tat ive yield . 1H NMR (400 MHz, CD 3CN) δ 9.07 (d, J = 2.3 Hz, 1H), 

8.28 (dd, J = 8.2 , 2.3 Hz, 1H), 8.11 (s, 1H), 8.02 – 7.93 (m, 4H), 7.70 

(d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.4 Hz, 1H) , 7.11 (d, J = 4.2 Hz, 2H), 

6.65 (s, 2H), 1.96 (s, 3H), 1.82 (s, 6H). 1 1B NMR (128 MHz, CD 3CN) δ 

0.22 (t, J = 28.3 Hz). 1 9F NMR (376 MHz, CD 3CN) δ -144.86 (dd, J = 57.0, 

28.5 Hz). 1 3C NMR was not recorded due to low solubi l i ty of the compound.  

ATR-FTIR υ/(cm - 1) : 3269(b), 2928 (b), 2024 (s), 1551 (s), 1387 (s), 1254 

(s), 1106 (b), 758 (b). HRMS m/z: calcd . for [M+H-F] + C 2 7H 2 3BF 2 IrN5O 3 : 

689.1585, found 689.1572.  
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During my PhD, I have focused on different topics regarding 

the use of organic dyes as visible light photosensitizers in 

devices for the production of solar fuels through efficient l ight 

harvesting. I investigated two different applications, a 

photocatalytic and a photoelectrochemical one. For these 

applications, I considered both covalent and non -covalent 

approaches. 

In the photocatalytic application, we have investigated only a 

non-covalent approach between the dye and the sacrificial 

electron donor. We decided not to investigate a covalent 

interaction, because since the sacrificial electron donor cannot 

be regenerated by the system, it would have led to the loss 

of the dye as well. Regardless, the establishment of 

supramolecular interaction favored the photocatalytic activity 

confirming the success of the new proposed design.  

In the photoelectrochemical application, we investigated both 

approaches. We presented the first example of calix[4]arene -

based dyes employed in photoanodes of DSPEC to exploit their  

host-guest capabil i ties. However, the evidence of the 

establishment of either beneficial or fruitless host -guest 

interactions between the dyes and the water oxidation catalyst 

are stil l under investigation. The second non-covalent approach 

investigated in DSPEC is the π -π interaction between a 

graphene-functionalized dye and a suitable modified water 

oxidation catalyst. All the further characterization and 

application in DSPEC are ongoing. 

On the other hand, the covalent approach should be the most 

stable and with the immobilization of the water oxidation 

catalyst at a fixed distance from the SC surface, it is possible 

to avoid the establishment of detrimental interaction with the 
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SC. We presented the first example of organic -dye-based dyads 

for photoanode application. These molecules showed excellent 

Faradaic efficiency in oxygen evolution being the highest with 

respect to the actual state of the art for similar systems. 1 , 2 

Further investigations in the evaluation of the long -chain dyads 

in photoelectrochemical water oxidation are in progress. The 

other covalent design that is proposed in Chapter 8 failed in 

the photoelectrochemical application, but this molecule 

exhibited very good performances as simple water oxidation 

catalyst in electrochemical cells. This means that this catalyst 

has the right potential to oxidize water and can be used in 

combination with an external source of energy, such as solar 

panels. However further investigation in the dye portion is 

required to achieve a better charge transfer for the application 

in DSPEC. 

The analysis of the state of the art designs has clearly 

highlighted that these devices are sti l l in their infancy, not 

only for the efficiencies, which are in most cases modest, but 

also especially for the vast horizons of development available. 

The challenge for research in these fields is very demanding 

but also highly attractive. The ultimate goal is to develop, 

from a scientific and technological point of view, a device to 

produce solar fuels and, by extension to other fields of 

artificial photosynthes is, of carbon- and nitrogen-based 

chemicals. These devices should be cheap, easy to prepare, 

and based on low-cost earth-abundant materials and elements, 

such as sunlight, water, and carbon-based metal -free 

compounds. The challenging and ultimate target device is the 

“fully organic” artificial leaf. For now, the number of papers 

with organic dyes is very limited, not only when compared 

with other chemical components of the DSPEC whose 

development is more mature, such as oxides and organometall ic 

systems, but with the same use of organic dyes in other fields 

of solar energy, such as photovoltaics (Dye -Sensitized Solar 
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Cells). However, organic dyes also present many drawbacks 

like low stabil ity, the presence of charge recombination 

processes, and low resistance under long-term continuous 

irradiation. Hence, the research of new electron -rich and 

electron-poor scaffolds, characterized by an easy synthesis, 

higher stabil i ty, and a low cost is mandatory. The development 

of integrated systems connected through non -covalent or 

covalent interaction might increase the robustness and the 

charge transfer efficiency in these devices. Although this 

approach is not mature yet in terms of device efficiency for 

a large-scale application, the goal is to create a single 

supramolecular functional system, fully integrated and capable 

of performing all the necessary functions (light absorption, 

transfer and transport of charges, water splitting, and dye 

regeneration) in an efficient, cooperative, and interactive 

manner. This could be possible thanks to the structural and 

functional optimization of the single sub -units, their spatial 

proximity, and the stabil i ty of the connections between them. 

1 Yamamoto, M., Wang, L., Li , F. , Fukushima, T., Tanaka, K., Sun, 
L. & Imahori , H. (2016) Vis ible l ight -dr iven water oxidat ion using 
a covalently - l inked molecular catalyst –sensi t izer dyad assembled on 

a TiO2electrode. Chem. Sc i . , 7 , 1430-1439, doi :10.1039/c5sc03669k. 
2 Antón-Garc ía, D. , Warnan, J. & Reisner, E. (2020) A 

diketopyrrolopyrrole dye-based dyad on a porous TiO2 photoanode 
for solar -dr iven water oxidat ion. Chem. Sc i . , 
doi :10.1039/D0SC04509H. 

 

 


