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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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Abstract

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 o0il, 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 wusing 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 artificial
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 wuses 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 sacrificial electron donor is
described in Chapter 3. We investigated a series of new dyes




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 photocatalysis,
the core of the photoanode is a semiconductor, which a dye
can sensgitize. 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 calix[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 n- n interactions between the dye and
the catalyst. A push-pull organic photosensitizer is
functionalized with a graphene layer to increase the stability
of the photoanode and reduce detrimental interactions between
the semiconductor and the catalyst. However, only the




synthesis of the organic dye is illustrated 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 stability 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 organometallic 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
TiO, 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 gsubstitutions 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.




Chapter 1: Introduction

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, Dbiodiversity is getting lost, and all these
changes are causing unprecedented risks to wvulnerable 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.! 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.}'® 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.® It also provides a roadmap for climate actions
that could reduce emissions and build climate resilience. Now
the global temperature is rising by 0.2 °‘C every decade.?
Greenhouse gases (GHG) emissions, in particular COz, NOx, CH,,
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




to the energy sources we use to maintain our lifestyles.® 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.°

Every second, solar radiation reaches the Earth’s surface, and
it is reflected as infrared (IR) radiation which CO; and water
vapor in the atmosphere mainly absorb, causing the planet to
overheat.” Carbon dioxide and water are the major products
of the combustion reaction for organic compounds. However,
animals and humans also emit COz, 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.®
Every year about 30 Gt of lithosphere 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.® It is reflected in the
rise of global CO: concentration, which now is about 20 ppm
per decade. This is up to 10 times faster than any sustained
rise in CO; during the past 800,000 years (Figure 1).%

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.!®!! 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.!?!?®
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Figure 1: The distribution and wvariation 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.!* In 2020, only 11.2% of world
energy demand was satisfied by renewable sources, compared
to 8.7% a decade earlier.!® In the electricity sector the wuse
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.!®
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.!® On the other
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hand, the use of solar photovoltaics has increased of 223%
since 2019.!'® 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.!® 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.?!®

Targets not yet achieved Targets already achieved

Total Final
Energy
Consumption

Heating
and Cooling

e
Transport

e

© Power i
4 T
A

Number of countries 60 50 40 30 20 10 0 10 20 30 40 50 60

No later target exists

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 reality and scientists and industries 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.!” 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.!® Hydrogen
might be the alternative to o0il in this field. In fact, filling 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 28 kg of gasoline and its
combustion generates only water vapor as a by-product (Eq.
1.1).19:80

He (8) + %0z (g - Hz0 (1) + 286 kJ moll (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 (1230 MJ/kg), its specific density is one order of
magnitude lower than that of methane.!! This means that it
needs a tank 10 times larger than that of methane. At room
temperature, uncompressed hydrogen occupies 11250 L Kkgt,
pressurizing it into high-pressure (350 atm) steel tanks this
is reduced to 56 L kg'l.?° To store it as gas such as liquefied
petroleum gas or methane, it would need special large gas
cylinders®!'®® 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.®® 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.®° Another drawback is that it must be stored
at that low temperature to avoid possible evaporation and
leakage. Insulation for liquid hydrogen tanks is usually
expensive and delicate. Alternatively, it is ©possible to
chemically store hydrogen in the form of metal hydrides.?*
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 wvehicle as they are
moldable.?%?® The downside is their weight. The weight of the

13



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.?® Another possibility 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 Hz; compared with other
contemporary materials.®” MOFs have demonstrated H: storage
capabilities at cryogenic temperatures (77 K), but storage at
acceptable pressures and ambient temperatures is still a
challenge.?*® The last possibility 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 still in its infancy and much effort
is still needed for a future industrial application as many
factors regulate the hydrogen storage.?® 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.?%:3°-

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.?® 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.?® For this
reason, energy 1is mneeded 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 fossgsil 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).%%%® 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 metropolitan areas is an inefficient solution. The only way
to achieve sustainability is to produce hydrogen more cleanly,

using renewable sources.
ChHm + nH20 =2 nCO + (n+%m)H:

CO + H:O = CO:; + H»

ChHm + 2nH20 = nCOz; + (8n+xm)H: (Eq. 1.2)

One method wuses 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.?7:38 Other studies have addressed the
exploitation of biological processes of some algae to perform
different types of Dbio-photolysis®® and fermentations®*® by
subjecting the algae to different illuminations and in some
cases engineered inside Dbioreactors.*! The main drawbacks of
these Dbiological processes are the high costs associated with
low production efficiencies, but also the impossibility of
obtaining pure molecular hydrogen, since other gases are often
released, requiring a complicated separation of the gas
mixture.®%4:48 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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(EBEq. 1.3). Indeed, water is one of the most abundant and

inexhaustible materials on Earth.

2H,0 7% oH, + 0, AG - 474 kJ moll(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.*®%* 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.®%%5.46 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 sustainability 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 wupper portion of the atmosphere (dark ¢grey) is very
different from the one that reaches the Earth’s surface (light
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.!®
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Figure 3: The solar radiation spectrum at the external boundary of
the atmosphere (AMO, 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 wultraviolet radiation is about 5%.%%" For

now, solar radiation is mainly used just for photovoltaic
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application, which allows the conversion of sunlight into
electricity. Thankfully, the amount of renewable energy in this
field is 1increasing every year, especially for wind and
photovoltaics (Figure 4).4%8
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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.*®5°
Italy would have to cover an area as large as the province
of Piacenza to meet all its needs.'* 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 1is 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 all the combined nuclear
weapons of the world.!® They transform hundreds of millions
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.’! 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).5%%

H,0 + CO, oo 8 +1CH;s0s AE - 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,®® 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 gplitting 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.?® 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.5*
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1.4 Towards the artificial leaf

To develop a device, which mimics natural photosynthesis it
is mandatory to follow mnature. 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).%%3
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Figure B: Schematic representation of the photosynthesis chain. Image

from ref B55.

Natural photosynthesis can be divided into three stages. The
first is the harvest of 1light 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 CalMng,
center and molecular hydrogen in the binuclear metal clusters
of the hydrogenase.®?® Then, hydrogen is used to fix carbon
dioxide in the Calvin cycle. Although the efficiency of this
system 1is 1low, 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.®®

The standard potential AE of water splitting or water
electrolysis to Hz and Oz 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.®® 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 gsynthetic fuels will gain a zero-
carbon footprint on the environment as they derive from
atmospheric carbon dioxide, starting a carbon neutral cycle
(Figure 6).

energy storage hydrogen storage
r . \ [ A \
0,
Solar hv
Co,
2H0 4H* + 4e- —CH,0¥
CO,
Energy out
0,

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

chemical energy and storage into carbohydrates. Image from ref 586.
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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 cell,
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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Chapter 2: Photocatalysis

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).
2H,0 — 4H + Oy + 4e (Eaq. 2.1)
2H + 2¢ — Hj (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 (O V vs NHE, pH O) 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).! Therefore, it must present
a bandgap of at least 1.23 eV, but in practice, this wvalue
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 TiOz and graphitic carbon nitride g-CsN. 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 Fez0z (2.2 eV) and Cuz0 (2.0-2.2
eV), have smaller bandgaps, which allow a broader absorption
in the wvisible region, but their CB and VB are not in the
correct position to drive the overall water-splitting process
alone (Figure 7). Indeed, the CB of Cuz0O 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;0z 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 (I0s3 /I, Fe?'/Fe®*,
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%.?
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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.
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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.*® Another way to promote
charge separation is to combine the SC with an electron
acceptor, such as carbon mnanotubes, graphene layers, or
fullerenes to attract the excited electrons to particular points
on the surface, and confine them to its ultrathin layer.367
The morphology of photocatalysts also influences the
properties, and generally, smaller particle sizes or higher
crystallinity 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.!'® 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 facilitate 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
organometallic compounds bound to the SC surface® 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 Cuz0, TiOgz, Fezs0s3,
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WOz, BiV0O.)!! with carbon nitride-based nanomaterials and MOF
structures.®!'® 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 stability. However,
it presents a large bandgap (-3.2 eV) which limits its optical
absorption only in the UV region.® 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.!® 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 possibility of design and optimizing each component one
at a time.?®!'* 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 sacrificial 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 1is +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.'® These compounds are similar to the most
well-known emerging organic contaminants present in waters.!®
Thus the development of a device capable of converting organic
pollutants into molecular hydrogen while purifying waters, is
noteworthy.!”1® Here, I will limit myself to commenting on
some of the main photosensitizers wused 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/TiO,/dye it Pt/TiO,/dye * 1
Oxidative quenching:

Pt/TiO,/dye * - Pt/TiO,(e”)/dye™ )

Pt/TiO,(e7)/dye* + SED - Pt/TiO,(e”)/dye + SED* (3)
Reductive quenching:

Pt/TiO,/dye x + SED — Pt/TiO,/dye~ + SED* (4)

Pt/TiO,/dye™ — Pt/TiO,(e™)/dye (8)
Proton reduction:

Pt(e”)/TiO,/dye + H* — Pt/TiO,/dye + ;H, (8D
Recombination reactions:

Pt/TiO,/dye x — Pt/TiO,/dye + hv a7
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Pt/TiO,(e™)/dye* - Pt/Ti0,/dye (8

First, the dye is the responsible for the light harvesting of
the system, thus it collects the photon, exciting 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 (85). 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.'°%!'® 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).101%

The Pt/TiOz/dye photocatalytic device 1is typically prepared
starting from titanium dioxide nanoparticles where platinum
nanoparticles are deposited by impregnation or photodeposition
from H:PtClse under UV irradiation. The Pt/TiO, 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 solution
containing the SED and degassed with inert gases to remove
all the oxygen present. The photoreactor is then irradiated
with wvisible 1light to avoid direct excitation of the TiO;
electrons. The evolved gas is typically quantified using gas-
chromatography (Figure 9).3°

Mass flow g

Ar cylinder

Optical

filters GQ/MS (for on-

line analysis)
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v |

e

Solar B

Reactor
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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 pmol, and it is
normalized to the mass of the photocatalyst (ymol gb).
Moreover, the hydrogen evolution rate (pmol g*! hl) is also
typically present to evaluate the stability 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.

number of electrons that produced hydrogen

TON =

(Eq. 2.3)

numer of active photocatalytic sites

Since the number of active gsites 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 follows
(Eq. 2.4).

2 x moles of evolved hydrogen
moles of dye loaded

TON =

(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. 2.58).

TOF = ToN (Eq. 2.5)

time of the experiment

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).

number of electrons that produced hydrogen

AQY =

(Eq. 2.8)

numer of incident photons

2 X moles of evolved hydrogen

AQY = (Eq. 2.7)

numer of incident photons

The number of incident photons can be measured using a

silicon photodiode placed in the photoreactor. This wvalue is
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easier to be recorded with a monochromatic light source, and
the typically used wavelength is the Amax 0f 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).%!

14(2)
Io(A)

LHEQ) = AQ) = (Eq. 2.8)

Where A(1) is the absorptance, [(1) is the absorbed light
intensity and I,(A) is the incident light intensity.

In the end, a last important parameter is the light-to-fuel
efficiency (LFE) that indicates the efficiency of the conversion
of the solar radiation into the chemical bonds of the molecular

hydrogen or other solar fuels (Eq. 2.9).
(Eq. 2.9)

Here, Fy, is the flow of hydrogen produced (mol s b, AH®y, is
the enthalpy associated with the hydrogen combustion (2.85 x
10® J mol!), S is the total incident light irradiance (W cm=3)
and A;,, is the irradiated area (cm®). 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

stability of the device.!°

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.!'° 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 Dbonds.
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 stability of the device, it drastically reduces the
capability of fast charge transfer due to its tetrahedral

geometry and subsequent loss of conjugation.??

In addition to the anchoring stability, the position of the
energy levels 1is also important for a photosensitizer. The
excited electron should pass from the 1lowest wunoccupied
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.!?1!3

The photosensitizer can have either an organometallic 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.?®%?% 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 1078
h'! under 2-Sun irradiation.?*® Another complex (MC113, Figure
10) wused thiocyanate ligands which increased the catalytic
activity under visible light irradiation.?®” Other attempts using
binuclear ruthenium complexes (Rul, 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.®® Only a few examples of organometallic dyes
based on metal centers other than ruthenium have been
investigated (Figure 10). Among these, an asymmetric zinc
phthalocyanine (Zn-tri-PcNe, Figure 10) is characterized by a
push-pull structure to generate a more efficient charge
separation.®® This dye showed a wide absorption spectrum
through the near-IR region and good results in gas evolution

and stability.
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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 stability. 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 (m), 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.?°:30

The library of push-pull dyes used in this field is wvery wide
(Figure 11). The ordinary design is D-n-A, where D is an
electron-rich group, n is the conjugated spacer, and A is the
acceptor group, which also provides the anchoring functionality
for the TiO;. These dyes can be easily modified to increase
the hydrophilicity of the surface, the light-harvesting
capability, and the stability 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
hydrophilicity and thus a better interface with the aqueous
medium (Figure 11).%!'3% Moreover, the functionalization with
bulky, rigid, and hydrophilic substituents characterized by low
degrees of freedom and the capability of intramolecular self-
assembly, such as in PTZ-QLU, clearly improved the wettability
of the device (Figure 11). In fact, PTZ-GLU-sensitized TiOz
showed a contact angle with water of just 27, which is really
close to that of the bare TiOz (14°).%® This innovative design
resulted in almost doubling 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 n-n 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.
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Figure 11: Structure of the main organic push-pull dyes used in DSPC.

Together with the hydrophilicity of the donor moiety, the use
of hydrophobic alkyl chains on the n-spacers increases the
stability. 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 stability over time.3?
On the other hand, the alkyl chains both on the donor moiety

and

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

performances of the device due to an excessive sgsteric bulk

and poor interaction with the medium.?®*
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Chapter 3: Calix[4]arenes in DSPC

Aim of this section

This section presents an innovative design used for organic
dyes in DSPC which employ a calix[4]arene macrocycle in
dibranched D-(m-A): dyes as the donor moiety. In this case,
the calix[4]arene macrocycle acts as a scaffold and holds the
two n-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 available
physical space for the insertion of the SED. In fact, Calix-
ThTh has the longest mn-spacer in this series and shows the
highest photocatalytic activity. On the other hand, any further
functionalization on the m-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.!?
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.® They can also be
scaffolds for the construction of molecular or supramolecular
complex structures.®® 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.” 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-n-A dye.! Liu et al. presented Calix-3, a calix[4]arene
scaffold functionalized with four terthiophene-spacers and four
acrylic anchor groups (Figure 13).® In this case, the
calix[4]arene macrocycle embedded in a D-n-A structure
replaces the donor moiety. This dye-sensitized system exhibited
high performance even after cycling 10-times. The tetra-
branched structure promoted greater stability 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.° Calix-
3 obtained hydrogen production 10-times higher than when the
linear was used at a 4-times loading to match the light-
harvesting ability 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-38 was also used in
combination with sol-gel-made TiO: nanoparticles, where this
micro/mesoporous structure provided a higher surface area,
more catalytic active sites, and reflection. This Pt/TiOz/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).!° In this case, the upper rim of the
calix[4]larene was functionalized with four bithienyl-spacers
topped with four triphenylamine donor moieties. The hydroxyl
groups present on the lower rim were exploited as anchoring
groups for TiO; nanoparticles. As in the other case, the dye-
sengitization was prepared by sol-gel synthesis, resulting in a
highly stable linkage and a more efficient electron transfer
between the dye and TiOz. This system reached a TON of 6417
in 75 h with recycling 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 TiO; 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
possibility 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-(n-A)z, 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 n-A branches. The anchor
and acceptor groups were cyanoacrylic acids, while wvarious
n-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
sengitizer in which the two D-n-A branches were not connected

through a n-conjugated linkage.

COOH HOOC

Calix-TTh Calix-ThTh

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

The calix[4]arene dyes have been synthesized following a
modified procedure reported in the literature.!! The synthetic

pathway started with a Clemmensen reduction of 5,17-diformyl-
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25,27-dipropoxycalix[4]arene” (1) to obtain the corresponding
5,17-dimethyl-25,27-dipropoxycalix[4]arene ). 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 sent 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 mn-spacers

(Scheme 2).

NIOZ |, NI

930/ OHOH o 97%

§ 53&

1 2 Calix-Br

21 %

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 (8-
formylthiophene-2-yl)boronic acid or B'-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-blthiophene-2-boronic acid pinacol ester'® and then
to a Vilsmeier-Haack formylation in the presence of WN,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 WN,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.

Calix-Br

Calix-Th - 80%
Calix-TTh - 75%
Calix-ThTh - 53%

Calix-EDOT- 30%

Scheme 2: ia) (5-formyl thiophene-2-yl)boronic acid, Pd(dppf)Clz-CH3Cls,
K3;CO3, toluene/MeOH (1:1), microwave, 80 ‘C, 70 W, 90 min; ib) 58'-
formyl-2,2'-bithiophene-5-boronic acid, Pd(dppf)Clz-CH:Cls, K2COs3,
toluene/MeOH (1:1), reflux, 6 h; ii) thieno[3,2-b]thiophene-2-boronic
acid pinacol ester, Pd(dppf)Clz':CH:Cl., K:COz, toluene/MeOH (1:1),
microwave, 100 ‘C, 70 W, 90 min; iii) POClsz, anhydrous DMF, dry
CHClz, 70 °C, 8 h; 1iv) Dbis(pinacolato)diboron, Pd(dppf)Cls-CH:Clz,
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)Cls-CH:Cls,
K2CO3, toluene/MeOH (1:1), reflux, 6 h; vi) cyanoacetic acid, piperidine,
dry CHClz or dry CHzCN/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 Williamson ether synthesis wusing 4-
bromophenol and l-bromopropane in refluxed acetone for 12 h
to achieve the 1l-bromo-4-propoxybenzene (10). As in the other
cases, the n-spacer was added following a palladium-catalyzed
Suzuki-Miyaura protocol, using B5'-formyl-2,2'-bithiophene-5-
boronic acid in a mixture of toluene and methanol. Finally,
Linear-ThTh was obtained after a common Xnoevenagel
condensation with cyanoacetic acid in chloroform that inserted

the cyanoacrylic group.

s °J/ J
OH )
© _ b © i i
o W e T A
Br Br = —
st S . ~
CHO 5. CN

COOH

Scheme 3: i) 1l-bromopropane, K:COz, acetone, reflux, 12 h; ii) B'-
formyl-2,2'-bithiophene-5-boronic acid, Pd(dppf)Clz-CH:Cls, K2COs3,
toluene: MeOH (1l:1), rt, 1 h, reflux, 3 h; iii) cyanoacetic acid,
piperidine, dry CHCls, 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 'H and '*C NMR spectroscopy.

3.3 Optical and electrochemical properties

The most wvaluable characterization for a photosensitizer is
optical characterization, which show the light-harvesting
capability 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 reported in Table
1. The optical characterization of the calix[4]arene-based dyes
was performed in 10® 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 mn-
spacers led to significant bathochromic effects, thus allowing
a more efficient collection of photons. The molar absorptivities
range from 40000 (Calix-Th) to 46000 M™! cm™! (Calix-ThTh),
whereas the Linear-ThTh reference is around 37400 M™! cm™!.
It 1is 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.

50000

Calix-Th
Calix-TTh
40000 1 Calix-ThTh
— Calix-EDQT
Linear-ThTh
= 30000
£
[&]
= 20000+
w
10000
0 T T T T T T 1
400 500 600 700

wavelength (nm)

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

sengitizers.
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Optical bandgaps were calculated by means of the Tauc plots!®
and listed in Table 1 together with the oscillator strengths.
This last parameter indicates the probability of the absorption
of an electromagnetic radiation and was determined to
investigate the light-harvesting capabilities of the different
compounds.!* The absorption quantitative capacity among the
calix[4]arene dyes and the linear reference system was very
similar. In fact, the oscillator strength of Calix-ThTh (f - 11.4
D) was only 10% larger than that of the corresponding linear
dye Linear-ThTh (f - 10.1 D).

Table 1: Optical and electrochemical parameters of investigated

sengitizers in solution.

N . fo g Vo HOMOW! LUMO®
Dye's! max L g (V vs Fo) (G e
am)  MFem™ @D €V 65 v+ 008 eV + 0.08 eV

Linear-ThTh asa %7 5%%0 101 22 0.78 -8.01 -3.81

Calix-Th 405 40000 5, g4 0.96 6.19 -3.79
+ B0OO

Calix-TTh ag1 4200 55 a1 0.82 -6.05 -3.95
+ 500

Calix-ThTh 455 46000 ., 4 gaa 0.71 -5.94 .74
+ 1400

Calix-EDOT azy %P 315%0 103 2.1l 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.!®

The LHE of the dye/TiO:/Pt system on thin films is shown in
Figure 16. The width of the LHE changed according to the
length of conjugation of the m-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
capability 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.

100

Calix-Th
90 Calix-TTh
80 ——Calix-ThTh
Calix-EDOT
704 - -Linear-ThTh
‘;:?-‘ 60 - Pt
=
YW 50
-
40 -
30 1
20 |
104
0 T T T T T — = ]
400 500 600 700 800

wavelength (nm)

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

transparent TiOz+Pt film.

The electrochemical parameters are listed in Table 1 as well.
The compounds were electrochemically characterized wusing
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) to evaluate the energetic levels from the oxidation and
reduction potentials.!®1® 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 CHzCN TBABF, 0.1 M

solution.

Potential vs Fc/Fc* (V)
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Figure 18: DPV of the compounds recorded in CHzCN TBABF, 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 wvalues
and the optical bandgaps. Even though the HOMO energy levels
are gsimilar (--6 eV), the different bandgaps determine the
LUMO energies and affect the electron injection capabilities
into the Pt/TiOz 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 TiOz; CB. This could indicate a

higher probability of back electron transfer reactions.

,30 -
40 D _325 Rl -3.94 -3.81
: ) -4.00 LUMO
ED -2 O b
=}
M 6.0 - _ —_ —_— —_ —_
HOMO
o 6.19 -6.05 -5.94 -6.04 -6.01

TiO: Calix-Th Calix-TTh Calix-ThTh Calix-Edot Linear-ThTh

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

investigated sensitizers in comparison with TiO,; CB.

3.4 Photocatalytic hydrogen evolution

The dye-sensitized Pt/TiOz photocatalysts were tested for H;
production under visible light irradiation (A » 420 nm) in a
TEOA/HC1 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.!” Measured H: productions and Hx
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: H: production measured in TEOA 10% v/v solution at pH
7.0 using the dye/Pt/TiO; materials under irradiation with visible light
(4 » 420 nm).

All photosystems showed an initial induction period (20 - 30
minutes) before significant Hs; 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; 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 Hz; production except Calix-
ThTh, for which the Hjz; evolution was significantly higher
(Figure 20).

The performances in photocatalytic Hz; 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;
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.

550 A
J ® ix-
0l Y™ Cal!x Th
i ] v ® Calix-TTh
‘= 450 1 % v Calix-ThTh
D 450 ¢ Calix-EDOT
° ] v # Linear-ThTh
E 350" v
= 1 u v
@ 3004 goam ¥
i 1 v
S 250 | iy
£ 15 v"v'v o vv
S 0010  egep” MM AL L ASERL | S A ey
] o & A
S 1504 ° 3L
IN ®e .41‘ T '.L .
100 + .'.'g‘. -ﬂ- ™ Nl I..
1 oteds l‘. J} s%p
50-; o"e0e "0 03'0.‘.9
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Figure 21: H; production rates measured in TEOA 10% v/v solution at
pPH 7.0 using the dye/Pt/TiOp materials under irradiation with wvisible
light (1 » 420 nm).

Table 2: Photocatalytic performance of the dye/Pt/TiOz materials in Hj
production from TEOA 10% v/v solution at pH 7.0 under irradiation
with visible light (1 » 420 nm).

After 2 hours After 15 hours

Dye H: amount (pnr{?llgHg) LFE Hs, amount (urg‘(?llgHg) LFE
(ol gD | 1o very G0 | Gmol gh o e (%)

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 0.085
Calix-EDOT 448 44.8 0.083 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 umol g! h'! vs ca. 2375 umol g'! h
). 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!®?° guggest that a possible rationale for
the improved performance of the calix[4]arene is the possibility
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/TiOz; 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 n-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 calix[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 omnes.!"?'-33 This
investigation promotes the beneficial effect of exploiting host-
guest interaction with the SED.

In conclusion, a new gseries 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 oscillator 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 potential 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 Flectrochemical characterization

Test solutions were prepared by dissolving 2.0 mg of dye in the
electrolyte (0.1 M TBABF, in CHzCN). DPV and CV were carried out
at scan rate of 20 and 50 mV/s, respectively, using a Bio-Logic SP-
240 potentiostat in three-electrode electrochemical cell flushed with
Ar. The working, counter, and the pseudo-reference electrodes were an
FTO glass, a Pt wire, and an Ag/Ag® electrode in TBAP 0.1 M CH3zCN,
respectively. The Ag/Ag*' pseudo-reference electrode was calibrated, by
adding ferrocene (10°* M) to the test solution after each measurement.
Energy levels were calculated using the absolute value of 5.3 V wvs.

vacuum for the ferrocene reference couple.

3.5.2 Preparation of Pt/TiO, nanocomposite

The photocatalysts have been prepared using TiO; Aeroxide from Evonik,
which replaces the well-known TiO; P25 from Degussa. The TiOz Aeroxide
is a mixture of anatase/rutile 60:40 by weight, with mean crystallite size
around 20-25 nm (as determined by powder X-Ray Diffraction), a surface
area of 49 m®? g', a total pore volume of 0.258 cm?® g! and average pore
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size of 20 nm (as determined by N; physisorption at the liquid nitrogen
temperature).

Deposition of Pt nanoparticles on TiOz; Aeroxide was done through a
photodeposition method known in literature.?*?7 32.7 mg of Pt(NOz): was
dissolved in 400 mL of a solution of water/ethanol 1:1 by volume. 2.0 g
of TiO; Aeroxide was suspended in the Pt solution to reach a final metal
loading of 1.0 wt%. After stirring for 1 h in the dark, the suspension
was irradiated with a 450 W medium pressure lamp for 4 h. The Pt/TiO;
nanocomposites were collected by centrifugation, washed 3 times with EtOH
and finally dried under vacuum at 50 ‘C overnight. The photodeposited Pt
nanoparticles had a mean size of 1.3 nm (as determined by High Angle
Annular Dark Field-Scanning Transmission Electron Microscopy - HAADF-
STEM).

3.56.3 Adsorption of dyes on Pt/TiOg

200 mg of Pt/Ti0; nanocomposite were suspended in 10 mL of EtOH under
stirring. 2 pmol of the dyes (the amount required to reach a loading of
10 pmol/g) were dissolved into 0.5 mL of DMSO and the solution added
dropwise in the suspension. Adsorption of the dye was performed allowing
equilibration of the suspension for 24 h in the dark. The obtained materials
were recovered by centrifugation, washed 2 times with 10 mL of EtOH
each and dried under vacuum at room temperature overnight. UV-vis spectra
of the solutions after dye adsorption showed that the amount of residual
dyes is negligible, confirming the quantitative adsorption of the dyes on
Pt/TiO;.

3.5.4 Photocatalytic hydrogen production

The Dye/Pt/TiO; nanomaterials have been tested for Hy; production following
a procedure previously described.?®® Briefly, the reactor is a home-made
reactor with a stainless-stell body containing a Teflon beaker (volume of -
120 mL). 60 mg of the Dye/Pt/TiO; was suspended into 60 mL of 10% v/v
aqueous solution of TEOA neutralized with HCl to reach a pH = 7.0. The
reactor is close with a quartz window (cut-off ~ 200 nm) and is connected
to the gas distribution line. Inert gas (generally Ar) is flowed within the
reactor using a Mass Flow Controller (Bruker). After purging with Ar (15
mL min™!) for 30 min, the reactor containing the suspension is irradiated
with a Solar Simulator (LOT-Oriel) mounting a 150 W Xe lamp and some
optical filters, in order to better adjust the light beam to the desired
characteristics. In this case, a cut-off filter at A = 420 nm and a heat
adsorbing filter removing all photon with A « 850 nm have been employed.
Irradiance was -~ 6 x 10°® W m™ in the UV-A range and - 1800 W m™® in

the visible range (420 - 850 nm). The concentration of Hz; in gas stream

60



coming from the reactor has been quantified using an Agilent 7890 gas
chromatograph equipped with a TCD detector, connected to a Carboxen 1010
column (Supelco, 30 m x 0.53 mm ID, 30 um film) using Ar as carrier.
Notably, the amount of catalyst has been optimized following the indications
recently presented by XKisch and Bahnenmann?® using the Calix-Th/Pt/TiO;
photocatalyst.

In AQY experiments, 10 mg of photocatalyst were suspended in 10 mL of
10% v/v aqueous solution of TEOA/HCl in a 20 mL head-space vial sealed
with a gas-tight cap. The vial was sonicated for 10 min and purged with
Ar (185 mL min ') for 30 min. Then, the catalyst was irradiated using a
150 W Xe lamp equipped with a Thorlabs 450 + 40 nm bandpass filter and
H,; accumulated in the headspace volume of the wvial for 15 h. In these
conditions, the light power was - 10.4 mW cm'® The concentration of Hj
in the wvial after 16 h of irradiation with monochromatic 1light was
quantified using an Agilent 7890 gas chromatograph equipped with a TCD
detector, connected to a MOISIEVE 5 A column (Restek, 30 m x 0.53 mm
ID, 30 pm film) using Ar as carrier. 250 pL of He were injected in the
vial before the analysis as an internal standard. UV-vis spectra of the
aqueous solutions recovered at the end of the photocatalytic runs
highlighted 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 operating at 400 MHz (!H) and 100 MHz (!3C).
Coupling constants are given in Hz. Absorption spectra were recorded with
a V-570 Jasco spectrophotometer. High resolution mass spectra have been
recorded with an Agilent 6230B Time of Flight (TOF) equipped with an
electrospray (Dual ESI) source. Flash chromatography was performed with
Merck grade 9385 silica gel 230-400 mesh (60 A). Reactions performed
under inert atmosphere were done in oven-dried glassware and a nitrogen
atmosphere was generated with Schlenk technique. Conversion was
monitored by thin-layer chromatography by using UV light (254 and 365
nm) as a visualizing agent. All reagents were obtained from commercial
suppliers at the highest purity grade and used without further purification.
Anhydrous solvents were purchased from commercial suppliers and used as
received. Extracts were dried with NazS0O, and filtered before removal of
the solvent by evaporation. 5,17-diformyl-25,237-dipropoxycalix[4]arene was
synthesized according to literature.”

5,17-dimethyl-28,27-dipropoxycalix[4]arene (R): To a solution of 5,17-
diformyl-25,37-dipropoxycalix[4]arene 1 (3.585 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 reaction was refluxed 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 x 150 mL) and
the solvent evaporated to dryness. The yellow solid (3.11 g, 5.79 mmol)
obtained in 93% yield did not need further purification. m.p. 230 °‘C. 'H
NMR (400 MHz, CDClz): 6§ 8.11 (s, 2H), 6.96 (d, J = 7.6 Hz, 4H), 6.87
(s, 4H), 6.78 (v, J = 7.6 Hz, {2H), 4.32 (d, J = 12.8 Hz, 4H), 3.99 &, 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). '3C NMR (100 MHz, CDClz): &
152.0, 1580.9, 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-25,26,37,38-tetrapropoxycalix[4]arene (3): To a solution of
5,17-dimethyl-25,27-dipropoxycalix[4]larene 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 stirred at room temperature overnight and the reaction checked by
TLC (hexane-ethyl acetate, 9:1, v/v). Addition of HCI 1 M (100 mL)
resulted in the precipitation of the product that was filtered and purified
by trituration in hexane obtaining a white solid (3.48 g, 5.61 mmol) in
97% yield. m.p. 189-190 ‘C. 'H NMR (400 MHz, CDClz): 6§ 6.58 (m, 6H),
6.853 (s, 4H), 4.45 (d, J = 13.6 Hz, 4H), 3.86 (&, 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). '3C NMR (100 MHz, CDClz): & 156.4, 154.7, 135.0, 134.9,
130.7, 128.8, 128.0, 121.9, 76.7, 31.0, 3.3, 23.2, 0.8, 10.4, 10.3.

5,17-dibromo-11,23-dimethyl-25,26,237,28-tetrapropoxycalix[4]arene (Calix-
Br): To a solution of 5,17-dimethyl-25,26,37,238-tetrapropoxycalix[4]arene 3
(2.53 g, 4.07 mmol) in anhydrous DMF (90 mL) under nitrogen atmosphere
was added W~N-bromosuccinimide (1.45 g, 8.14 mmol). The mixture was
stirred at room temperature overnight and the reaction checked by TLC
(hexane-DCM, 8:2, v/v). Addition of HCl1 0.1 M (100 mL) resulted in the
precipitation of the product that was filtered and purified by crystallization
in DCM-methanol obtaining a white solid (0.69 g, 0.89 mmol) in 21% yield.
m.p. 243-245 'C. 'H NMR (400 MHz, CDClz): 6§ 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). !*C NMR (100 MHz,
CDClz): &6 185.5, 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.

Calix-Th-CHO (6): Calix-Br (122 mg, 0.16 mmol) and Pd(dppf)ClaCH:Cl; (13
mg, 0.016 mmol) were dissolved in dry toluene 2.5 mL and stirred for 15
min under nitrogen atmosphere. Then (5-formyl thiophene-2-yl)boronic acid
(B9 mg, 0.38 mmol) and methanol (2.5 mL) were added and the solution
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was stirred for 15 min under nitrogen atmosphere. In the end, K;COz (220
mg, 1.6 mmol) was added to the solution and the reaction was performed
with microwave irradiation (80 ‘C, 70 W, 90 min) and then quenched by
pouring into a saturated solution of NH4Cl (40 mL) and AcOEt (40 mL).
Filtration on Celite and extractions with organic solvent allowed to isolate
the crude product, subsequently purified through column chromatography
on silica gel (n-heptane/AcOEt, 4:1). The desired product was isolated as
a light-yellow solid (40 mg, 0.48 mmol) with 30% yield. 'H NMR (400
MHz, CDClz) 6 9.63 (s, QH), 7.33 (d, J = 4.0 Hz, {2H), 6.78 (s, 4H), 6.73
(d, J = 4.0 Hz, 2{H), 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).

Calix-Th: Calix-Th-CHO (43 mg, 0.05 mmol), cyanoacetic acid (43 mg, 0.5
mmol), and piperidine (51 mg, 0.6 mmol) were dissolved in 4 mL of a
mixture of dry CHzCN and dry toluene (3:1) and warmed to reflux for 5
h. After having the solvent evaporated, 10 mL of a solution of HCl 10%
was added and the mixture was left under magnetic stirring for 2 h at
room temperature. The aqueous phase was extracted with CH3Clz and the
organic layers dried. The solvent was evaporated, and the product was
obtained as a dark red solid (36 mg, 0.04 mmol, 80%). mp 219-220 'C (d)
FT-IR v/(ecm'): 2961, 2923, 2872, 2216, 1690 (strong), 1573 (strong),
1413 (strong), 1216 (strong), 1070. 'H NMR (400 MHz, DMSO) & 8.18 (s,
_H), 7.60 (d, J = 4.0 Hz, 2{H), 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 &, J
= 7.0 Hz, 4H), 3.2%2 (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). !'3C NMR (101
MHz, DMSO) 6§ 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 CsgHssN30gS:, 973.3562; found 973.3563. A(ppm) =
0.10.

Calix-TThl (4): Calix-Br (250 mg, 0.32 mmol) and Pd(dppf)Clz-CH:Cly (26
mg, 0.03 mmol) were dissolved in toluene 2.5 mL and stirred for 15 min
under nitrogen atmosphere. Then thieno[3,2-blJthiophene-2-boronic acid (141
mg, 0.77 mmol) and methanol (2.5 mL) were added and the solution was
stirred for 15 min under nitrogen atmosphere. In the end, K3COz (442 mg,
3.2 mmol) was added to the solution and the reaction was performed with
microwave irradiation (100 °‘C, 70 W, 90 min) and then quenched by
pouring into a saturated solution of NH4Cl (40 mL) and AcOEt (40 mL).
Filtration on Celite and extractions with organic solvent allowed to isolate

the crude product, which was dried on sodium sulfate and, then purified
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through column chromatography on silica gel (n-heptane/AcOEt, 95:5). The
desired product was isolated as a light-yellow solid (110 mg, 0.12 mmol)
with 38% yield. 'H NMR (400 MHz, CDCls) & 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 (¢, J = 7.3 Hz, 4H), 3.15 (d, J - 13.3 Hz, 4H), 2.02
-1.85 (m, 14H), 1.04 (¢, J = 7.4 Hz, 6H), 0.97 (, J = 7.5 Hz, 6H).

Calix-TTh-CHO (7): Distilled POCls (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 addition a white solid formed, that, after 30 min, was
dissolved in dry CHClz (3 mL). Product 4 (110 mg, 0.12 mmol) was
dissolved in 12 mL of dry CHClz, was added and the mixture warmed at
70 'C for 8 h. The solution was quenched by pouring it into a solution of
K2:CO3 (30 mL) and the mixture was extracted with CH:Cly (8 x 20 mL),
the organic phases were combined, washed with water, and dried.
Purification through filtration on silica gel, first with PE/CHzCl; (9:1) and
then with PE/AcOEt 1:1 as eluent, gave the product as a yellow solid in
65% yield (75 mg, 0.08 mmol). 'H NMR (400 MHz, CDClz) & 9.67 (s, 2H),
7.36 (s, 2H), 6.88 (s, 4H), 6.78 (s, 3H), 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
(da, J - 13.4 Hz, 4H), 2.36 (s, 6H), 23.03 - 1.79 (m, 8H), 1.08 (¢, J - 7.4
Hz, 6H), 0.93 (¢, J = 7.5 Hz, 6H).

Calix-TTh: 7 (75 mg, 0.08 mmol), cyanoacetic acid (76 mg, 0.89 mmol),
and piperidine (91 mg, 1.07 mmol) were dissolved in 12 mL dry CHCl;z
and warmed to reflux for 8 h. After having the solvent evaporated, 30
mL of a solution of HCl 10% was added and the mixture was left under
magnetic stirring for 2 h at room temperature. The solid that precipitated,
was filtered, and washed with water. The product was isolated as a dark
orange solid (65 mg, 0.06 mmol) with 78% yield. mp 229-231 'C (d) FT-
IR v/(cm'!): 2962, 2924, 2873, 2218, 1690 (strong), 18572 (strong), 1413
(strong), 1218 (strong), 1070. 'H NMR (400 MHz, CDClz) 6§ 8.14 (s, 2H),
7.50 (s, RH), 7.06 (s, 4H), 6.52 (s, RH), 6.39 (s, 4H), 4.45 (d, J = 13.3
Hz, 4H), 4.06 - 3.95 (m, 4H), 3.68 (&, J = 6.7 Hz, 4H), 3.13 (d, J = 13.5
Hz, 4H), 2.49 (s, 6H), 1.94-1.82 (m, 8H), 1.128 (t, J = 7.4 Hz, 6H), 0.90
(t, J = 7.5 Hz, 6H). HRMS (Dual-ESI) m/z: [M-H*]" calcd for CezHssN305S4,
1085.3003; found 1085.2982, A(ppm) = 1.93. !'3C NMR spectrum was not

recorded due to low solubility of the compound.

Calix-ThTh-CHO (8): Calix-Br (121 mg, 0.16 mmol), dissolved in toluene (5B
mL), 5'-formyl-2,2'-bithiophene-5-boronic acid (91 mg, 0.38 mmol),
Pd(dppf)Clz: (13 mg, 0.016 mmol), KzCO0z (220 mg, 1.6 mmol) were added
to a flask wunder nitrogen atmosphere, and then methanol (5 mL) was

added. The reaction mixture was stirred at room temperature for about 10
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min and then refluxed for 6 hours. After completion of the reaction as
monitored by TLC, the mixture was quenched by pouring into a saturated
solution of NH4Cl (30 mL) and CH;Cl; (30 mL). Filtration on Celite and
extractions with organic solvent allowed to isolate the crude product, then
purified through column chromatography on silica gel (n-heptane/AcOEt,
3:2). The desired product was isolated as a light-yellow solid (83 mg, 0.05
mmol) with 31% yield. 'H NMR (400 MHz, CDCls) 6§ 9.76 (s, H), 7.50 (d,
J = 4.0 Hz, 2H), 6.97 (d, J - 4.0 Hz, 2H), 6.91 (d, J - 3.8 Hz, {QH), 6.74
(s, 4H), 6.65 (s, 4H), 6.60 (d, J = 3.8 Hz, RH), 4.44 (4, J = 13.3 Hz,
4H), 3.92 (dd, J - 8.5, 7.2 Hz, 4H), 3.79 (¢, 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 (¢, J = 7.4 Hz,
6H), 0.96 (t, J = 7.5 Hz, 6H).

Calix-ThTh: 8 (53 mg, 0.05 mmol), cyanoacetic acid (54 mg, 0.64 mmol),
and piperidine (0.8 mL, 11.3 mmol) were dissolved in 8 mL of a mixture
of dry toluene and dry acetonitrile (1:3) and warmed to reflux for 5 h.
After having the solvent evaporated, a solution of HCl 10% was added and
the mixture was left under magnetic stirring for 1 h at room temperature.
The solid that precipitated, was filtered, and washed with water. The
desired product was isolated as a red solid (30 mg, 0.03 mmol) with 53%
yield. mp 243-244 'C (d) FT-IR v/(cm'): 2959, 2923, 2872, 2212, 1703
(weak), 1579 (strong), 1436 (strong), 1211 (strong), 791 (strong). 'H
NMR (400 MHz, DMSO) 6 8.30 (s, {H), 7.75 (d, J = 3.9 Hz, 23H), 7.35 (4,
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), 2.123 (s, 6H), 1.88 (dt, 4 = 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 CesHegaN20g84s, 1137.3316; found 1137.3311, A(ppm) = 0.44.

13C NMR spectrum was not recorded due to low solubility of the compound.

Calix-boronic acid pinacol ester (8): Calix-Br (500 mg, 0.64 mmol) was
dissolved in anhydrous DMF 10 mL and stirred for 15 min under nitrogen
atmosphere. Then Dbis(pinacolato)diboron (490 mg, 1.93 mmol) and
Pd(dppf)Clz-CH:Cl; (52 mg, 0.06 mmol) were dissolved in others 10 mL of
anhydrous DMF and added to the solution, and it was stirred for 15 min
under nitrogen atmosphere. In the end, AcOK (377 mg, 3.84 mmol) was
added to the solution and the reaction was heated at reflux for 2 h. It
was quenched by pouring into a saturated solution of NH4Cl (40 mL) and
Etz;0 (40 mL). Filtration on Celite and extractions with organic solvent
allowed to isolate the crude product which was dried on sodium sulfate.
After filtration, the crude product was a sticky liquid that was used for

the following cross-coupling step without any further purification.
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Calix-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
stirred for 15 min under nitrogen atmosphere. Then 8 (131 mg, 0.15 mmol)
and Pd(dppf)ClzCH:Cl; (13 mg, 0.015 mmol) were added as suspension in
methanol (5 mL). In the end, K;COz (207 mg, 1.5 mmol) was added to the
solution and the reaction was heated to reflux for 6 h and then quenched
by pouring into mixture of a saturated solution of NH,Cl (50 mL) and
AcOEt (40 mL). Filtration on Celite and extractions with organic solvent
allowed to isolate the crude product, then dried, filtered, and purified
through column chromatography on silica gel (first CHzClp/PE 9:1, then
CH:Cl; and in the end AcOEt). The desired product was isolated as a yellow
solid (71 mg, 0.074 mmol) with 49% yield. 'H NMR (400 MHz, CDClz) &
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 (&, 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, 4 - 7.4 Hz, 6H), 0.88 (t, J = 7.5 Hz, 6H).

Calix-EDOT: 9 (71 mg, 0.07 mmol), cyanoacetic acid (89 mg, 0.7 mmol),
and piperidine (71 mg, 0.84 mmol) were dissolved in in 8 mL of a mixture
of dry CH3zCN and dry toluene (3:1) and warmed to reflux for 6 h. After
having the solvent evaporated, 10 mL of a solution of HCl 10% was added
and the mixture was left under magnetic stirring for 3 h at room
temperature. The solid that precipitated, was filtered, and washed with
water. The product was isolated as a dark red solid (24 mg, 0.02 mmol)
with 30% yield. mp 221-2233 'C (d) FT-IR v/(cm''): 2961, 2926, 2874,
2209, 1697 (strong), 1572 (strong), 1445 (strong), 1221 (strong), 1104
(weak), 1071. 'H NMR (400 MHz, DMSO) 6§ 7.93 (s, 2H), 6.90 (s, 4H),
6.72 (s, 4H), 4.323 (¢, J = 9.7 Hz, 183H), 3.958 - 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 (¢, 4 = 7.4 Hz, 6H), 0.91 (¢, J = 7.5 Hz, 6H). HRMS (Dual-ESI)
m/z: [M-H*']" calcd for CezHezN3z0:282, 1089.3671; found 1089.3670, A = 0.09.
[M-H*-COg2] = calcd for Cs1HsaN20;082, 1045.3773; found 1045.3762, A(ppm) =
0.86. [M-H*-2C0z]= caled for CesoHeszN3z058z, 1001.3875; found 1001.38586,
A(ppm) = 1.89. !3C NMR spectrum was not recorded due to low solubility

of the compound.

l-bromo-4-propoxybenzene (10): A solution of 1l-bromopropane (860 mg,
6.93 mmol) in acetone (2 mL) was added dropwise to a stirred mixture of
4-bromophenol (1.01 g, 5.78 mmol) and potassium carbonate (4.0 g, 28.9
mmol) in acetone (40 mL). The stirred mixture was heated under reflux
for 12 h. The potassium carbonate was filtered off and the filter was
washed with acetone, water was added to the filtrate and the product was
extracted into diethyl ether (twice). The combined ethereal extracts were
washed with water, 10% sodium hydroxide solution (twice), water and dried
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over NazSO,. The solvent was removed in vacuum to yield a light-yellow
liquid (800 mg, 3.25 mmol, 70%). 'H NMR (400 MHz, CDClz) & 7.33 (d, J
- 9.1 Hz, 2H), 6.75 (d, J = 9.1 Hz, 2H), 3.85 (&, J = 6.6 Hz, {H), 1.87
- 1.65 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H).

B'-(4-propoxyphenyl)-[2,2'-bithiophene]-5-carbaldehyde (11): 10 (150 mg,
0.70 mmol), dissolved in toluene (5 mL), 5'-formyl-2,2'-bithiophene-5-
boronic acid (338 mg, 1.40 mmol), Pd(dppf)Cly; (285 mg, 0.35 mmol), K;CO3
(2.0 g, 14.0 mmol) were added to a flask under nitrogen atmosphere, and
then methanol (8 mL) was added. The reaction mixture was degassed with
N; at room temperature for about 60 min and then refluxed for 3 hours.
After completion of the reaction as monitored by TLC, the mixture was
quenched by pouring into a saturated solution of NH4Cl (30 mL) and CH3Cly
(30 mL). Filtration on Celite and extractions with organic solvent allowed
to isolate the crude product, then purified through column chromatography
on silica gel (n-heptane/AcOEt - 4:1). The desired product was isolated as
a light-yellow solid (100 mg, 0.31 mmol) with 44% yield. 'H NMR (400
MHz, CDClz) 6§ 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 (¢, J = 7.4 Hz, 3H).

2-cyano-3-(5'-(4-propoxyphenyl)-[2,2'-bithiophen]-5-yl)acrylic acid (Linear
ThTh): 11 (100 mg, 0.31 mmol), cyanoacetic acid (130 mg, 1.52 mmol),
and piperidine (0.18 mL, 1.8 mmol) were dissolved in 10 mL of dry CHCls
and warmed to reflux for 8 h. After having the solvent evaporated, a
solution of HCl 10% was added and the mixture was left under magnetic
stirring for 1 h at room temperature. The brown solid that precipitated,
was filtered, and washed with water. Then, it was washed with CHClz and
filtered again. The desired product was isolated as a red solid (60 mg,
0.15 mmol) with 49% yield. mp 168-169 'C (d) FT-IR v/(cm!): 3072, 2963,
2937, 2871, 2214, 1665 (strong), 1567 (strong), 1411 (strong), 1210
(strong), 797 (strong). 'H NMR (400 MHz, DMSO) & 8.48 (s, 1H), 7.98 (d,
J = 4.1 Hz, 1H), 7.65 (d, J = 8.7 Hz, {3H), 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 (¢, J - 6.5 Hz, 2H), 1.75 (dd, J - 14.0, 6.9 Hz, 2H), 0.99 (&, J -
7.4 Hz, 3H). '*C NMR (101 MHz, DMSO) 6 164.10, 159.48, 146.64, 146.20,
146.05, 141.93, 134.16, 133.38, 128.79, 127.42, 1235.76, 125.12, 124.62,
117.16, 115.61, 98.60, 69.59, 22.46, 10.83. HRMS (Dual-ESI) m/z: [M-H*]
caled for C31H;7NOzSz, 394.0577; found 394.0571, A(ppm) = 1.52. [M-H*-
COz]= caled for CzoH,7NO;Sz, 350.0679; found 350.0682, A(ppm) = 0.86.
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Chapter 4: Photoelectrochemical Cells

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.! The first example reported in the literature
of photogenerated water splitting is a pioneering PEC made by
Honda and Fujishima in 1972.% 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 filled 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.® 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%.*

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 WOz, Fez0z, TaON, LaTiOzN and p-type
chalcogenides and metal oxides for the photocathode, like CdTe,
Culn;.xGaxSez, p-Cuz0.%4'* However, their efficiency is still 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 instability

and the use of precious non-abundant metals.'%1!7
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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; ¢) 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-gplitting reactions,
respectively. In this way, dye-sensitized PEC (DSPEC) are
defined.! The non-toxic nature of TiO:, along with its low cost,
chemical stability, 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.!® The most common p-SC used for DSPEC
cathodes is NiO.!'® NiO is a mixed-valence SC consisting of Ni?®
and Ni®" 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 stability, and it is easily
synthesized in the form of nanoparticles at reasonably low
temperatures.?°?® It is a good electron-donor for many
sengitizers since the potential of its VB is 0.47 V vs NHE at
pPH 7. However, it has very low charge mobility, which favors
recombination phenomena, lowering the cell performance.??® To
overcome these drawbacks, other better-performing SC are
under investigation, like copper-based oxides with a delafoxitic
structure as CuGaO0:'®'", CuAlOz?*3** and CuCr0:?%, that present

a wider band-gap and better charge mobility.

The sensitization of the surface plays a central role because
the dye 1is the strategic light-harvesting component of the
photodevice. This sensitizer should be stable over long term
irradiation, adsorb a large portion of the wvisible spectrum,
and guarantee a fast charge transfer to the SC while avoiding
charge recombination reactions that might reduce its
efficiency.! 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
CaMn, center and the Dbinuclear 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
milliseconds) to accumulate four holes to oxidize water, while
the charge recombination reactions occur on a submillisecond
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%.%%%
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4.2 Working principles and important

parameters in DSPEC

In a tandem DSPEC, the general steps involved are

following:

Photoexcitation:

Woc /dyel/TiO,||NiO/dye2/HEC i WocC /dyel*/Ti0,||NiO/dye2*/HEC
Charge separation and regeneration of the dye:
WOC /dye1*/Ti0,||NiO /dye2* JHEC —
WOC(h*)/dye/TiO,(e™)||NiO(h*)/dye/HEC(e™)
Water oxidation:
4 x WOC (h")/dye/TiO,(e™)||NiO(h*)/dye/HEC(e”) + 2H,0 -
WOoC /dye/TiO,(e”)||NiO(h")/dye/HEC(e”) + 0, + 4 H*
Proton reduction:
2xWOC/dye/TiO,(e”)||NiO(h*)/dye/HEC(e™) + 2H* -
WOC /dye/TiO,(e™)||NiO(h*)/dye/HEC + H,
Regeneration of the photosystems:
WOC /dye/TiO,(e”)||NiO(ht)/dye/HEC — WOC /dye/TiO,||NiO/dye/HEC
Recombination reactions:
WOC /dye(h*)/TiO,(e™)||NiO(h*)/dye(e™)/HEC —
WocC /dye/TiO,||NiO/dye/HEC
WocC(h*)/dye/TiO,(e™)||NiO(h*)/dye/HEC(e™) —

WocC /dye/TiO,||NiO/dye/HEC

the
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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 TiOz, 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 dyel to reduce protons and evolve
molecular hydrogen (4). In the end, the electrons transferred
from the LUMO of dyel to the CB of TiO; 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 Dbefore the redox reactions. The
accumulation of holes and electrons in the WOC and HEC,
respectively, is the main contribution to the water spilling
driving force. Undesired charge recombination reactions often
occur, especially between the TiOz; and the oxidized dye or NiO
and the reduced dye (6) or between the catalysts and the SC
(7).3"

The photoelectrodes are typically fluorine-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 400/8500 °C to
eliminate all the organic compounds and form a porous and
conductive film.?®' 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 efficient
light-harvesting even in the presence of low dye loadings. The
compounds and the films are electrochemically characterized
using cyclic voltammetry cw and differential pulse
voltammetry (DPV) to evaluate the energetic levels from the
oxidation and reduction potentials.?®2° The difference between
the two potentials is the bandgap. In some cases, the bandgap
is calculated using a Tauc plot®° 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.®! 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;

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™® for

measurements at one-sun intensity.*

Counter electrode (Pt wire) Reference electrode (Ag/AgCl)

Photoelectrode

Potentiostat

Lamp

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.?®?°% 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 illumination. 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 wused as applied Dbias in the
chronoamperometry (CA) measurements.?®?° 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,

7T



the device is irradiated with 1 Sun illumination and registers
a spike of current. After a few seconds, the signal decreases
and stabilizes to a steady value. By switching off the light,
it is possible to record the amplitude of the photocurrent by
the difference between the stabilized current under light and
the new current in the dark. In the end, the stability of the

DSPEC is evaluated through long-time measurements.

Current density

LSV under
illumination

Maximum light/dark
signal ratio ~ I,

LSV in
the dark

Voltage

Figure 25: Graphical representation of a LSV plot.

A measurement in DSPEC aims to record the generated amounts
of Oz and Hj;, 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., or He to detect 03).°® 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 1is still 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
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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.

4 xmol O n° charges which produced 0O
FE = 2 = g P 2 (REq. 4.1)

mol e~ n°® e~ produced by the anode

The research groups of Mallouk and Meyer developed the
collector-generator technique that helps overcome this
problem.®%3% 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
pm). One is the photoanode, and under illumination, 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).

Integrated Areac % 100 X 1

Integrated Areag FEco11

FE(%) = (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 1light 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 still
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.
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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()) 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 A and provides the ability of a
cell to generate current as a function of the wavelength of
the incident monochromatic light.?%*°® IPCE 1is calculated by
measuring the photocurrent at a given potential as a function
of the monochromatic photon flux (Eq. 4.3).

S5y _he Joe®) _ 1240 Joe)
Pin(l)/hv e Pin(A) T Pin(d)

IPCE(A) = (Eq. 4.3)
Where J,,(4) and P,(4) are the amperometric photocurrent and
the power of the incident 1light at every wavelength,
respectively. The LHE (Eq. &2.8) 1is wusually measured to
calculate the adsorbed photon-to-current efficiency C(APCE)
following the Eq. 4.4.

IPCE(X) = LHE(X) X APCE (%) (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).

steady current (mA) X FE (%) X potential (V)
total incident light (mW)

STH (%) = (Eq. 4.5)
DSPECs are still 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 overview 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.?!.?6.35
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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.%%3% 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 carboxylic, 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.??3" Moreover, the dye must be
photo(electro)chemically stable and present a long-lived excited
state to perform the charge transfer, and be competitive with
the recombination process.!'®*® 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
organometallic nature. The first example was a trisbipirydine
ruthenium complex (Rul, 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.®®% In this case, the dye stabilized 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 (Rul, Figure 27) which
were employed due to their strong absorbance between 400
and 500 nm, their sufficiently long-lived excited state lifetime,
and an oxidation potential of the Ru''/Ru'™ couple which is
positive enough to drive the oxidation 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.3®-
4% Now, more interest is turned to organometallic dyes made
with abundant metals like zinc porphyrins or
phthalocyanines.**%%5 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
organometallic cousins. They exhibit a lower cost, easy
tunability, are composed of abundant, and there is a possibility
to shift their absorption maximum towards longer wavelengths
just Dby adding conjugated double bonds. Moreover, they
typically present higher molar extinction coefficients with
respect to the organometallic ones.®%® However, they also tend
to aggregate more on the surface favoring the non-radiative
relaxation processes, and therefore decreasing the excited-state
injection efficiency.*"%*® 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.?® However,
porphyrin-sensitized photoanodes suffer from low photocurrents

compared to the ruthenium counterparts due to low injection
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rate and slow electron self-exchange Dbetween oxidized
porphyrins. In any case, their capability of exploiting red
photons to perform water splitting increased the interest in
this category of dyes.*!'5° In the literature, some examples of
perylene-based dyes are also present. They exhibit a strong
absorption in the wvisible region, and they have found a place
in many industrial applications due to their robust nature, low
cost, and chemical and thermal stability. 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 n-n
stacking aggregation. These functionalizations are also
important to obtain a long-lived charge separation state to
avoid the back electron transfer from the SC.%!5% In the end,
a last important category includes the push-pull dyes
characterized by a D-n-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
facilitates the electron transfer to A, stabilizing 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 n-spacers.®®°%* 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.®® The same group
discovered that an Alz0z 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.®* Other studies used dibranched dyes
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characterized by one donor group from which two mn-spacers
and two acceptor groups branch off. The presence of more
anchor groups enhanced the stability of the dyes reducing the
desorption from the electrode.®® Moreover, they highlighted the
responsibility 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 all the relative non-radiative

relaxation processes.

Ru1 Ru2 PDI
Q CgH17
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PS1 PTZ-Th

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 stability in DSPEC for water

oxidation. If they are designed in such a way as to promote
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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.3%®

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 mnanoparticles, like iridium oxide or cobalt
oxide.%8:51.57 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; 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 NiFeOx or CoFeOx, to
speed up the kinetics of the charge transfer between oxidized
dye and WOC.* The other possibility 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 difficult
in the metal oxides-based WOCs.®® 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 oxides?9:60 or iron
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complexes,®6®,and present a TOF higher than 0.5 g! (the
approximate rate achievable by the photon flux at 1 sun
illumination), but their stability is very low that 1is not

sufficient for long-lived devices.3®®

The different configurations of a DSPEC depend on the WOC,
since the photosensitizer, except for a few rare cases,®3%% ig
always bound to the electrode surface. In the simplest case,
the WOC is solubilized 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 wusing
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).°%® The
system showed O:; formation for the first 15 minutes at a rate
of 330-uL h!, and then dramatically decreased. However, to
be comparable with the PS II, the TOF of the WOC should be
closer to 100 s'!. 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):] (bda = 2,2’-
bipyridine-6,6’-dicarboxylate; X = 4-picoline or isoquinoline)
developed by Sun and coworkers (Figure 28).%%% The bda
equatorial ligand can chelate the ruthenium center in four
positions, and it 1is essential to reach the gseven-ligand

coordination, an indispensable structure for the water
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oxidation.®® 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 n-n stacking between the
isoquinoline rings which block the ruthenium dimer in the
right position to perform the water oxidation.®” However, these
WOCs are always solubilized 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.®°

The most common configuration regards a WOC immobilized on
the SC. The first example was a [Ru(bda)(pic)z] (pic = 4-
picoline) immobilized onto a RuP-sensitized SC surface through
a Nafion® film.?’° They found that a basic pretreatment of the
film wuntil pH 9.8 highly reduced the current decay rate
obtaining a TOF for the complete catalytic system of 27 hl.
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).%°
4%,55,71,78 The longer is the chain, the higher is the flexibility
of the WOC. This notable feature increases the opportunity for
two WOC to meet and form the two water molecules bridge."®
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.”® Brudvig and
coworkers presented a more rigid anchor group, that increased
the stability of the photoanode for more than 20 h (Irl,
Figure 28).%° 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.
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Blue dimer Ru(bda)(pic), Ru(bda)(isoq), Ir

Ru(bda)(pic)(X) Ru-ZnP
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,’® the
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hydrophobic/hydrophilic,”® the n-n stacking,”®"® or the ion-
mediated interactions.”” 8! 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.®0:8%.8% Famous among covalent dyads is the
ruthenium-based WOC-zinc porphyrin sensitizer (Ru-ZnP, Figure
28).8* The benchmark [Ru(bda)(pic)z] 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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Chapter 5: Host-Guest interaction in DSPEC

Aim of this section

This section presents an innovative design for organic dyes in
DSPEC where the donor moiety of a dibranched D-(m-A): 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 applications.

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)z] obtained the highest photocurrent that
remained stable over time for the entire course of the
experiment. On the other hand, when [Ru(bda)(ppy)z] was used,
PTZ-Th exhibited a photocurrent two times higher than with
the other WOC, but with a sharp decrease with time. The high
stability of Calix-PTZ proved a positive interaction with the
two WOCs, but more favored in the case of [Ru(bda)(pic):].
These results agree with the electrochemical investigation,
where the formation of more reactive species, especially in
the case of [Ru(bda)(pic)z] with Calix-PTZ or PTZ-Th, was
evident.

Despite the best optical properties, the most rigid structure of
Calix-PTZ; highly reduced the possibility of interaction between
the two ruthenium centers mandatory for the formation of the
o0xo-bridge, and this is made clear by the low photogenerated

currents in every situation. This behavior was further
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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-PTZ:; is constrained between
the two phenothiazine dyes, thus reducing its mobility in the

system.

The oxygen evolution of these systems is still 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 Dbe 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 solubility 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.! In that work, they functionalized a trisbipyridine
ruthenium complex with a p-cyclodestrin (B-CD). On the other
hand, the axial ligands of the benchmark [Ru(bda)(pic)al]
catalyst have been modified with two 4-phenylpyridine (ppy)
(Figure 30). B-CD can easily host phenyl rings. The

stabilization 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.® 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 Dboth functionalization 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 tunability, and the high catalytic
activity of the system are remarkable and may be of value in

many solar fuel device applications.

Figure &0: Schematic representation of the host-guest configuration

presented by Sun et al.!

Few other ©papers ©present the use of supramolecular
interactions between B-CD-sensitized electrodes and
electrocatalysts for water or ammonia oxidation.® 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 application*® 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-
(n-acceptor); heteroaromatic sensitizers bearing different donor
groups with different geometries in DSPEC, demonstrating the
influence of spatial arrangements on photoelectrosynthetic
properties.® In this work, we combined the superior host-guest
properties of the p-tert-butylcalix[4]larene 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 solubility
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.” 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-PTZz).
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.® 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)z], and the other a 4-phenylpyridine as an
axial ligand [Ru(bda)(ppy)z]. 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 n-spacers and cyanoacrylic acids as
acceptor and anchor groups. The donor moiety 1is then
functionalized with a p-teré-butylcalix[4]larene in Calix-PTZ and
Calix-PTZ;, while with an octyl chain in the case of PTZ-Th.
The sensitizer PTZ-Th and the ruthenium catalysts
[Ru(bda)(piec)z] and [Ru(bda)(ppy)z] were synthesized according

to the literature.®!!
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Figure 31: Chemical structures of the investigated compounds.

The synthetic procedure for the preparation of the

calix[4]arene intermediates 8, 4 is depicted in Scheme 4, and
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the synthesis of the photoactive compounds Calix-PTZ and
Calix-PTZ.: is depicted in Scheme 5.

Precursors 5,11,17,33-tetra-tert-butyl-25,26,37-
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.!® The alkylation reactions to give
intermediates 2, 4 are performed under an inert atmosphere
in DMF wusing 1,4-diiodobutane in presence of NaH as Dbase.
The reactions gave the products in good yield after
neutralization with 0.1 N HCIl 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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dioxolan-2-yl)-thiophen-2-yl]-1,3,2-dioxaborolane, Pd(dppf)Cla, K2CO3,
DME/MeOH 1:1 (v/v), microwave 75 W, 90 min, 90 °'C; iv) &, NaH
60%, DMF, rt, 1 day; v) 4, NaH 60%, anhydrous DMF, rt, 3 days; vi)
THF/10% HCl,, 1:2 (v/v), BO °‘C, & h; vii) cyanoacetic acid, piperidine,
CHCls, reflux, 8 h.




The synthesis started with a palladium-catalyzed Suzuki-
Miyaura cross-coupling reaction between the 3,7-dibromo-10H-
phenothiazinel?® and the B-formylthienyl-2-boronic acid
protected as pinacol ester!? 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 () for Calix-PTZ and 1,3-bis-(propoxy)-2,4-
bis-(butoxy-4-iodide)-tetrakis-p-tert-butylcalix[4]arene (4) for
Calix-PTZ,;. 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,/THF (1:2,
v/v) at BO '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 l-um- or
3-um-thick transparent TiO; layer over an FTO-coated glass.
These samples were then treated with ozone for 20 minutes
and soaked in a dye 2:10%* M DMSO/EtOH (1:15) solution

overnight.

5.3 Optical and electrochemical properties

The new product, Calix-PTZ and Calix-PTZ; have been optically
and electrochemically characterized both in solution and
adsorbed on a 1l-pym TiOp film. The UV-Vis spectra of the
sengitizers 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.

104



60000 + Calix-PTZ,
] Calix-PTZ
000 ——PTz-Th
40000
£
Q
= 30000
()
20000 -
10000 -
O T T T 1 1
400 500 600 700 800

Wavelength (nm)

Figure 32: UV-Vis spectra in 10° DMSO solution of the investigated

sensitizers.

As illustrated in Figure 382, the optical response of the dye-
calix systems, Calix-PTZ and Calix-PTZ,, is similar to the
reference dye. Indeed, the absorption spectra of the three
sengitizers 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 Dbands structure,
ascribed to the local n-n* absorption in the 350 - 400 nm
range and to the ICT transition in the 400-600 nm range. The
molar absorptivity is similar in Calix-PTZ and PTZ-Th, while
it is almost twice in Calix-PTZ;, in agreement with previous
analogous systems reported in the literature.® The absorption
spectra on 1-pm TiO; 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 1l-ym TiO; films of the investigated

sensitizers.

The optical bandgaps have been calculated by means of the
Tauc plots!® and listed in Table 3. It was not possible to
estimate the amount of sensitizer adsorbed on the films due
to the high stability of these systems even 1in a Dbasic

environment.

Table 3: Optical parameters of investigated sensitizers in solution and
on l-um transparent TiO; film.

sample }\“E ﬁ;dl )\OD(S Ieltn[gc,dl (M-lsz]rn-l) Ega;ézi][)b’c’dl
A - T
Calix-PTZ caom 18 o0 184
Calix-PTZ (269 658 27000 (A

[a] Value from ref. 6. [b] Dye solution 10® M in DMSO. [c] 1l-um
transparent TiO; photoanode. [d] Values in brackets have been recorded
as films.
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The electrochemical parameters are listed in Table 4. The
oxidation potentials were determined using CV and DPV in
solution and adsorbed onto TiOz. 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: (-4 eV) from
their LUMO.!®

Table 4: Electrochemical parameters of investigated sensitizers in

solution and on 3.5-um transparent TiOz film.

VoxP! HOMOD-c.dl B opt bl LUMO [bed
Sample (V vs NHE) [G) ga(pev) [CD)
+ 10 mV + 0.085 eV + 0.08 eV
soln film soln film Soln film soln Film
PTZ-Th 0.88 0.84 -5.38M -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-PTZ, 1.02 0.93 -5.62 -5.53 1.83 1.74 -3.79 -3.79

[a] Value from Ref. 6. [b} 10* M dye solution in TBABF, 0.1 M DMF. [c] 3.5-um
transparent TiO; photoanode in 0.5 M KNOz PBS pH 6.5. [d] Vacuum potential = -4.6 -
NHE.'"
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Figure 34: CV (left) and DPV (right) of the compounds recorded in
TBABF, 0.1 M DMF solution.
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CV measurements of the dye-sensitized photoanodes were
performed wusing 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-PTZ; 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-PTZ; is
higher than Calix-PTZ. This behaviour might be ascribed to a
better packing on the electrode surface of Calix-PTZ; 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 molecule,

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 CFzCH:OH and then added into the PBS
solution in the electrochemical cell (1x10%® 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.!® The CV profile of all dyes with
[Ru(bda)(pic)z] widely change. In all profiles, it was possible
to find the oxidation and reduction peaks of [Ru(bda)(piec):].
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'!/Ru!Vv

couple, that is mandatory to perform water oxidation.?!®
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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)z], or [Ru(bda)(ppy)z]. d) CV
of the Calix-PTZz-sensitized photoanode in presence or in absence of
[Ru(bda)(pic)z], or [Ru(bda)(ppy)z]. e) CV of the Calix-PTZ-sensitized
photoanode in presence or in absence of [Ru(bda)(pic)s], 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% CFzCHRO0H (v/v) at pH 6.5.
CE - Pt wire, RE = Ag/AgCl KCl 3 M, scan rate 50 mV s.
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In Calix-PTZ, the peak at -~+0.70 V wvs 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!V species. In
Calix-PTZ;, no particular changes in the position of the peaks

were evident.

On the other hand, with [Ru(bda)(ppy)z], every CV profile
presented a reduction bump at -+0.Y9 V vs NHE. PTZ-Th and
Calix-PTZ presented an oxidation peak at -+0.98 V vs NHE,
while Calix-PTZ; 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 catalytic 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.!

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 illumination and in
the dark in presence of the two WOC (Figure &6). In both
cases, the current density of Calix-PTZ; under illumination was
almost comparable to the current that is generated in the
dark. With [Ru(bda)(pic)z] 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 PJA cm™®).
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On the other hand, with [Ru(bda)(ppy)z]l, PTZ-Th exhibited a
current density twice as high as Calix-PTZ (- 25 vs 51 uA
cm™® 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.
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Figure 36: LSV measurements of the WE with [Ru(bda)(pic)z] (a), or
with [Ru(bda)(ppy)z] (b) in PBS electrolyte solution and 0.5 M KNOs
+8% CFzCH.OH (v/v) at pH 6.5 under illumination (200 W Xe lamp;
420A800 nm). CE - Pt wire, RE - Ag/AgCl (KCl 3 M), scan rate 50

mV st

In CA experiments, the photoanode was irradiated with white
light illumination (200 W Xe lamp, 420800 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; followed by
extensive hole-electron recombination.!? The surface
recombination is probably a result of the slow catalytic kinetics
of the catalyst, which is unable to consume completely the
photogenerated holes.}'!'® 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)z] the current density generated by Calix-PTZ was
double with respect to PTZ-Th (- 39 vs 14 pA cm™®), while
with [Ru(bda)(ppy)z], PTZ-Th presented 1.5-times higher
current density than Calix-PTZ after 10 min (- 41 vs 27 pA
cm?).
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Figure 37: CA measurements of the WE with [Ru(bda)(pic)z] (a), or
with [Ru(bda)(ppy)z]l (b) in PBS electrolyte solution and 0.5 M XNOs
+B% CF3CHR0H (v/v) at pH 6.5 under illumination (200 W Xe lamp;
420800 nm). CE - Pt wire, RE - Ag/AgCl KCl 3 M, scan rate 50 mV
sl, with an applied bias of +0.2 V vs Ag/AgCl.

Regarding the stability of the photocurrents, the PTZ-Th one
showed a decrease after 10-min measurement in both cases,
passing from 17 PMA cm™® after the first min of illumination to
14 pA cm™® at the end of the experiment with [Ru(bda)(pic):l]
and from 50 PA cm®to 41 PA cm™® with [Ru(bda)(ppy)z]. Calix-
PTZ, instead, showed excellent stability 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]larene 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 CHnost-Tguest
interaction.?®®?! 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 CHnuost-Tguest
interaction.?®°?® For these reasons, p-tert-butylcalix[4]arene
could have a different interaction with the two investigated
WOCs, [Ru(bda)(pic)a] and [Ru(bda)(ppy)al. 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)z], the
methyl group of the 4-picoline might enter the macrocycle and
the interaction should happen between the pyridyl ring and
the CHz of the macrocycle. With [Ru(bda)(ppy)z], the phenyl
ring of the 4-phenylpyridine interacting with the CHsz of the
macrocycle, might not enter the macrocycle, thus the
interaction between the pyridyl ring and the feré-butyl group
should not take place. The lower photoelectrochemical activity
of Calix-PTZ with [Ru(bda)(ppy):z] could be attributed to the
confinement of the WOC at a longer distance from the dye
portion (- 27 vs 39 YA cm?® with [Ru(bda)(pic):D).

On the other hand, a 3-fold increase in the PTZ-Th photocurrent
when [Ru(bda)(ppy)z] 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
n-structure in the WOC can favor the formation of a more
stable oxo-bridge between two ruthenium centers.!°?®% 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-PTZz, 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
possibility 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-PTZ;, we modeled the TiOz-co-adsorbed dye by
Molecular Dynamics simulations in aqueous solution. We
anchored the dyes on a [101l] anatase TiOz; slab of ca 9.2 x
7.9 x 1.1 nm dimensions. We investigated the calix[4]arene
orientation compared to the surface in the two different dye-
sengitized systems. We defined a plane passing from the
methylene bridges of the calix[4]larene and during the
simulations, we calculated the ©0 angle between the plane
previously defined and the TiOz; surface. The most sampled ©
angle in Calix-PTZ is around 60°; while in Calix-PTZ.; 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-PTZ; (right) structures after
modeling with Molecular Dynamics on a [101] anatase TiOz 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 ¢-
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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; surface.

We found insignificant differences in the distance HOMO -
center of mass of the ¢-butyl between Calix-PTZ and Calix-PTZ;
(Figure 40a). However, we found that the LUMO of Calix-PTZ
is closer to the TiOz; than the one of Calix-PTZ. (Figure 40b),
thus it might favor charge transfer from the dye to the TiO;
and justify the higher performances of Calix-PTZ in the

photoelectrochemical studies.
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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 capabilities with properly
functionalized WOC.?** 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)z], while in the presence of [Ru(bda)(ppy)s] 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-PTZ,;, which was the worst of all
systems, despite it presenting the best optical properties. The
extreme rigidity of 1its system might have Dblocked the
possibility 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-PTZ; 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-PTZ..

5.6 Experimental section

5.6.1 Spectroscopic and electrochemical investigation

of dyes
The following materials were purchased from commercial suppliers: FTO-
coated glass plates (2.2 mm thick; sheet resistance -7 ohm per square;
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Solaronix); Dyesol 18NR-T transparent TiO; blend of active 20 nm anatase
particles. UV-Oz treatment was performed using Novascan PSD Pro Series -
Digital UV Ozone System. The thickness of the layers was measured by
means of a VEECO Dektak 8 Stylus Profiler. Cyclic Voltammetry (CV) was
carried out at a scan rate of 50 mV s'!, using a Bio-logic SP-240
potentiostat in a three-electrode electrochemical cell under Ar. The working,
counter, and the pseudo-reference electrodes were a glassy carbon pin
(surface area = 0.02 <cm?®), an Ag/Ag® TBAP in CHzCN (0.1 M
tetrabutylammonium perchlorate and 0.01 M AgNOz in acetonitrile) and a
Pt wire for the dyes in solution or a sensitized 3.5 pm thick TiOz film, a
Pt wire and an Ag/AgCl electrode (3 M KCl) for the measurements on film.
The working electrodes discs were well polished with alumina 0.1 um
suspension. The preparation and sensitization of the 8.5 upm thick TiO;
film is described 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 H3SO,
before use. The Ag/Ag' pseudo-reference electrode was calibrated, by adding
ferrocene (10® M, Fc¢) to the test solution after each measurement.?® The
Ag/AgCl (KCl 3 M) pseudo-reference electrode was calibrated, by adding
potassium hexacyanoferrate(II) trihydrate (10® M) to the test solution
after each measurement.?® Electrochemistry in solution was performed in
TBABF, 0.1 M DMF, while the one on film in 0.01 M aqueous buffer
phosphate and 0.5 M KNOz at pH 6.5. 5% CFzCH:O0H (v/v) was added to
solubilize the WOC in the experiments with the WOC (1x10® M - final
concentration). The potentials were recorded respect to Fc¢/Fc* and
[Fe(CN)sl®/[Fe(CN)gl?** and converted to NHE adding +0.72 V or +0.408 V
respectively.?5:26

5.6.2 Preparation of photoanodes.

The photoanodes have been prepared adapting from a procedure reported
in the literature.?®” In order to exclude metal contamination all the
containers were in glass or Teflon and were treated with EtOH and 10%
HCl prior to use. Plastic spatulas and tweezers have been used. FTO glass
plates were cleaned in a detergent solution for 185 min using an ultrasonic
bath, rinsed with pure water and EtOH. After treatment in a UV-0Oz system
for 18 min, a transparent active layer of 0.8 cm?® was screen-printed using
Dyesol 18NR-T active transparent TiOz paste. The coated films were
thermally 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!.

These films were then treated in a UV-Oz system for 20 min at room
temperature, then soaked into a 2 x 10% M solution in EtOH/DMSO (15:1)
of the photosensitizer 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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pm transparent TiOp; film, while CV and LSV with a bare 3.5 pm transparent
TiOg film.

5.6.3 Photoelectrochemical measurements

Photoelectrochemical measurements of DS-PEC were carried out with black
metal mask on top of the photoanode of 0.50 cm?® surface area under a
200 W Xenon lamp (using a LOT-Oriel xenon white light source, equipped
with a 420 nm cut-off filter to minimize TiO; contribution and an IR filter
to avoid cell warming). The LSV (scan rate 20 mV s'!) and CA measurements
on the DS-PEC were performed using a Biologic SP-240 potentiostat in a
three-electrode purposely designed photoelectrochemical cell filled with pH
6.5 PBS (Sigma Aldrich, product number P4417), KNOz 0.5 M under Ar,
and the data collected with EC-Lab.

5.6.4 Molecular Dynamics simulations.

Starting from the crystallographic structure of anatase [101],%% a TiO; slab
(dimensions: 9.2 x 7.9 x 1.1 nm) was built with Maestro 2021 suite.?® The
slab was inserted in a simulation box large enough to contain the two
dyes (final dimensions 9.2 x 7.9 x 6.0 nm). The structures of the two
dyes were built in Maestro and optimized with al/ atom force field OPLS-
200583%° before approaching them to the surface. The systems were solvated
with water molecules described by SPC model. Carboxylic groups of the
dyes were considered in their anionic form to guarantee the anchoring to
the surface. Neutralization of the total charge of the systems was reached
by adding Na* ions. For titanium dioxide, a force field described only by
non-bonded electrostatic and van der Waals interactions was used.®! The
all-atom force field OPLS-2005 was used for the photosensitizers.3°
Molecular Dynamics simulations were performed with Gromacs (release
2019.1).%% Periodic Boundary Conditions were applied in the three
dimensions. For non-bonded interactions a 1.2 nm cut-off was used, beyond
which long-range electrostatics interactions were treated by Particle Mesh
Ewald algorithm.®® Systems were minimized with steepest descent algorithm.
Initial velocities were generated from a Maxwell distribution at 300 K with
a random seed. Molecular Dynamics simulations were performed at constant
temperature (T - 300 K) and pressure (P = 1 bar) with a 2fs timestep.
TiO; surface, dyes and aqueous solutions were coupled to V-rescale
thermostats®* every 0.1 ps and to Parrinello-Rahman barostat®® every 2
ps. Bonds involving hydrogen atoms were constrained with LINCS
algorithm.%% For each system two 50 ns simulations were run and analysed

every 100 ps.
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5.6.5 Quanto-mechanical calculations.

Ground state geometry optimization of the dye was performed by a DFT
calculation in vacuo, with PBEO functional3” and 6-31G* basis set by using
the Gaussian 16 program (revision A.03).%% HOMO and LUMO were visualized
with GaussView (version 6.1).3°

5.6.6 Synthetic strategies

NMR spectra were recorded with a Bruker Advance-Neo spectrometer
operating at 400 MHz ('H) and 100 MHz (!3C). Coupling constants are
given in Hz. Absorption spectra were recorded with a V-570 Jasco
spectrophotometer. ATR FT-IR spectra were recorded with a PerkinElmer
Spectrum 100. High resolution mass spectra have been recorded with an
Agilent 6230B Time of Flight (TOF) equipped with an electrospray (dual
ESI) source. Compounds were purified using flash chromatography with
Merck grade 9385 silica gel 230-400 mesh (60 A). The glassware for
water-free reactions was dried in a 130 ‘C oven for 4 h before use and
then attached to the wvacuum pump. Inert atmosphere was generated by
Schlenk technique using nitrogen flow. Conversion was monitored by thin-
layer chromatography (Silica gel on TLC Al foils with fluorescent indicator
254 nm) by using UV light (254 and 365 nm) as a visualizing agent. All
reagents were obtained from commercial suppliers at the highest purity
grade and used without further purification. Anhydrous solvents were
purchased from Acros Organics and used without further purification.
Organic phases obtained after extraction were dried with Nay;SO, and filtered
before removal of the solvent by evaporation. The PTZ-Th,° 4,4,5,5-
tetramethyl-2-(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-y1)-1,3,2-
dioxaborolane,'* 5,11,17,23-tetra-tert-butyl-25,26,27-tripropoxycalix[4]arene
(1),40 5,11,17,23-tetra-tert-butyl-25,27-dipropoxycalix[4]arene (3),1?
[Ru(bda)(pic)z],'® and [Ru(bda)(ppy)z]l''! have been synthesized according to
literature procedures.

1,2,3-trigs-(propoxy)-4-(butoxy-4-iodide)-tetrakis-p-tert-butylcalix[4]arene ().
A mixture of 5,11,17,23-tetra-tert-butyl-25,26,27-tripropoxycalix[4]arene 1
(1.38 g, 1.78 mmol), NaH 60% (0.085 g, 3.56 mmol) and 1l,4-diiodobutane
(1.64 mL, 12.46 mmol) in dry DMF (170 mL) was stirred at room
temperature for 5 hrs. A solution of 0.1 N HCIl (150 mL) was then slowly
added, the mixture was extracted twice with ethyl acetate (180 mL) and
the organic phase was concentrated in wvacuo until the formation of a
precipitate occurred. Methanol was added and the precipitate was collected
by Buchner filtration and further purified by column chromatography (silica
gel, cyclohexane-toluene 9:1, v/v) followed by recrystallization from diethyl
ether-ethanol obtaining white needle-like crystals. Yield: 79% (1.35 g, 1.41
mmol). 1H NMR (400 MHz, CDC13): ¢ (ppm) 6.81-6.78 (m, 8H); 4.43 (d,
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J = 12.6 Hz, {H); 4.39 (d, J = 12.6 Hz, {H); 3.90 (t, J = 7.2 Hz, 2H);
3.83 (t, J = 7.0 Hz, 6H); 3.30 (¢, J = 7.1 Hz, 83H); 3.14 (d, J = 12.6 Hz,
RQH); 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, CDCI3): ¢ (ppm) 1853.7; 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)-R,4-bis-(butoxy-4-iodide)-tetrakis-p-tert-butylcalix[4]arene

(4). A mixture of 5,11,17,233-tetra-tert-butyl-25,237-dipropoxycalix[4]arene 3
(1.52 g, 2.08 mmol), NaH 60% (0.33 g, 8.34 mmol) and 1,4-diiodobutane
(4.1 mL, 31.09 mmol) in dry DMF (2350 mL) was stirred at room
temperature for 3 hrs. A solution of 0.1 N HCI (200 mL) was then slowly
added, the mixture was extracted twice with ethyl acetate (180 mL) and
the organic phase was concentrated in wvacuo until the formation of a
precipitate occurred. After cooling the flask at O °C the precipitate was
collected by Buchner filtration and further purified by column
chromatography (silica gel, cyclohexane-toluene 885:15, v/v) yielding the
pure product as an oily residue that becomes a solid foam wunder high
vacuum. Yield: 56% (1.28 g, 1.17 mmol). m.p.-181-182°C 'H NMR (400
MHz, CDCls): &6 (ppm) 6.81 (s, 4H); 6.79 (s, 4H); 4.40 (d, J = 12.4 Hz,
4H); 3.89 (¢, J = 6.8 Hz, 4H); 3.85 (t, J = 7.2 Hz, 4H); 3.31 (&, 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). '3C NMR
(100 MHz, CDClz): & (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-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl1)-10H-
phenothiazine (8). 3,7-dibromo-10H-phenothiazine (760 mg, 2.11 mmol) and
Pd(dppf)Clz;-CH:Cl; (172 mg, 0.21 mmol) were dissolved in dimethoxyethane
(12.5 mL) and stirred for 15 minutes under nitrogen atmosphere. Then
4,4,5,5-tetramethyl-2-(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-
y1)-1,3,2-dioxaborolane (1.50 g, 4.44 mmol) and K3COz (2.90 g, 21.1 mmol)
were added as suspension in methanol (12.5 mL). The reaction was
performed with microwave irradiation (100 'C, 70 W, 60 minutes) and then
quenched by pouring into a saturated solution of NH4Cl (80 mL). Filtration
on Celite and extractions were performed with CH:Clz (3 x B0 mL). The
solution dried and the solvent evaporated. A mixture of PE/AcOEt (3:1)
was used as eluent for purification through column chromatography on
silica gel. The desired product was isolated as a dark yellow solid (1.10
g, 1.80 mmol) with an 84% of yield. 'H NMR (Benzene-ds, 400 MHz): §
(ppm) = 7.21 (d, J = 1.0 Hz, 2H), 7.09 (dd, J = 7.2, 1.7 Hz, 23H), 6.99
(d, J = 3.5 Hz, 2H), 6.75 (d, J - 3.8 Hz, 2H), 6.24 (s, 3H), 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 solid to a
solution of 8 (200 mg, 0.32 mmol) in anhydrous DMF (25 mL) kept at O
‘C under N; atmosphere. The reaction mixture was allowed to warm up to
room temperature and, after 1 h, compound 28 (340 mg, 0.35 mmol) was
added in a DMF solution (5 mL). The day after, the reaction mixture was
poured in an ice bath and a yellow solid precipitated. It was filtered on
Buchner and washed with water. The crude product was purified wusing
PE/Et,0 eluent (1:1), affording the product as a yellow solid (450 mg,
0.31 mmol, 97%) 'H NMR (400 MHz, CDClz) & 7.39 - 7.33 (m, 4H), 7.08
(dd, 4 = 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 &, 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), 1.138 (s, 18H), 1.05 (s, 18H), 1.08 - 0.96 (m, 9H).

Compound 8. NaH 60% (91 mg, 2.27 mmol) was added as a solid to a
solution of B8 (253 mg, 0.41 mmol) in anhydrous DMF (10 mL) kept at O
‘C under N, atmosphere. The reaction mixture was allowed to warm up to
room temperature and, after 1 h, compound 4 (212 mg, 0.19 mmol) was
added in a DMF solution (85 mL). After 3 days, the reaction mixture was
poured in an ice bath and extracted with AcOEt (3 x 25 mL) and washed
with water (3 x 20 mL). The organic phase was dried, and the solvent
evaporated. The crude product was purified using PE/Etz0 eluent (1:1),
affording the product as a yellow solid (323 mg, 0.16 mmol, 823%). 'H
NMR (400 MHz, CDClz) &6 7.38 - 7.32 (m, 8H), 7.09 (dd, J = 3.7, 0.5 Hz,
4H), 7.03 (d, J = 8.7 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 - 3.76 (m, 4H), 3.14 (d, J = 12.6 Hz, 4H), .37 -
2.14 (m, 4H), 2.06 - 1.92 (m, 8H), 1.39 (s, R4H), 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 protective group for the
aldehydiec functionality. Pinacol ester precursor was dissolved in 10%
HCl.q/THF (1:2). The mixture was heated at 50 ‘C for 4 h. The volume
was reduced to 1/3, K3COz saturated aqueous solution (30 mL) and CH3Cl;
(B0 mL) were added. The mixture was separated and the organic phase

dried. After the evaporation of the solvent evaporated.

Compound 7. Compound 7 was synthesized according to general procedure
A using as reagent compound 6 (450 mg, 0.31 mmol), 30 mL 10% HCl,,/THF
(1:2). The desired product was isolated after purification through column
chromatograph PE/Etz;0 (1:1) as an orange solid (230, 0.19 mmol, 60%).
'H NMR (400 MHz, CDClz) 6§ 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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{QH), 6.91 (4, J = 8.6 Hz, 2H), 6.81 (d, J = 2.6 Hz, 4H), 6.756 (d, J = 2.5
Hz, 2H), 6.72 (d, J = 2.5 Hz, {2H) 4.39 (¢, J = 12.7 Hz, 4H), 4.058 - 3.89
(m, 4H), 3.87 - 3.73 (m, 6H), 3.11 &, J = 11.8 Hz, 4H), 2.87 - 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, & = 14.1, 7.1 Hz, 9H).

Compound 9. Compound 9 was synthesized according to general procedure
A using as reagent compound 8 (328 mg, 0.16 mmol), 30 mL 10% HCl,,/THF
(1:2). The desired product was isolated as an orange solid without any
further purification (206 mg, 0.12 mmol, 75%). 'H NMR (400 MHz, CDClz)
5 9.86 (s, 4H, a), 7.69 (d, J - 4.0 Hz, 4H), 7.37 (dd, J - 8.5, 2.2 Hz,
4H), 7.33 (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
v, 4H), 3.94 (, 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.), cyanoacetic acid (8 equiv.), and piperidine (6 equiv.) were
dissolved in dry CHClz (0.2 M) and warmed to reflux for 8 h. After having
the solvent evaporated, an aqueous solution of HCl 10% was added and
the mixture was left under magnetic stirring for 5 h at room temperature.

The solid that precipitated, was filtered, and washed with water.

Calix-PTZ. Calix-PTZ was synthetized according to general procedure B for
Knoevenagel condensation wusing compound 7 (230 mg, 0.19 mmol),
cyanoacetic acid (162 mg, 1.9 mmol), piperidine (190 mg, 2.24 mmol) and
15 mL of dry CHClz. The reaction was quenched with 18 mL of 10% HCI
solution. The product was isolated as a dark purple solid (223 mg, 0.16
mmol) with 85% yield. FT-IR v(cm!): 2995-2812, 1710 (b), 1574 (s), 1485
(w), 1444-1332 (s), 1320-1132 (s), 1125 (w), 1081 (w), 866 (w), 795
(s). 'H NMR (400 MHz, DMSO) & 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, QH), 6.77 (d, J = 2.3 Hz, {3H), 6.67 (s, {H), 6.64
(s, 2H), 4.24 (dd, J = 20.3, 12.3 Hz, 4H), 4.10 - 4.05 (m, {H), 3.13 -
2.91 (m, 12H), 2.05 (dd, 4 = 18.6, 11.0 Hz, 2H), 1.97 - 1.83 (m, 8H),
1.06 (s, 18H), 0.99 - 0.94 (m, 21H), 0.90 (¢, J = 7.5 Hz, 6H). HRMS
(dual-ESI) m/z: caled for [M - 2H] CssHosN3z0583: 689.8067, found 689.8064.
13C NMR spectrum was not recorded due to low solubility of the compound.

Calix-PTZ,;. Calix-PTZ; was synthetized according to general procedure B
for Knoevenagel condensation using compound 7 (206 mg, 0.12 mmol),
cyanoacetic acid (217 mg, 2.4 mmol), piperidine (212 mg, 0.246 mL, 2.49
mmol) and 15 mL of dry CHClz. The reaction was quenched with 30 mL
of 10% HCI1 solution. The product was isolated as a dark purple solid after
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crystallization in CHClz (203 mg, 0.10 mmol) with 85% yield. FT-IR v/cm-
1): 3048-2830, 1733 (s), 1568 (s), 1444-1320 (s), 1314-1143 (s), 1063
(w), 790 (w). 'H NMR (400 MHz, DMSO) 6 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), 3.7 (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
- 181 (m, J - 14.6, 7.3 Hz, 8H), 1.07 (s, 18H), 1.00 (s, 18H). HRMS
(dual-ESI) m/z: caled for [M - 2H]" Ci114H110Ne0:28s: 972.3180, found
972.3188. 3C NMR spectrum was not recorded due to low solubility of the
compound.
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Chapter 6: n-n interaction in DSPEC

Aim of this section

In this section, I present an innovative design for DSPEC,
which exploits the n-n 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 wvia n-n 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 H:N-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 stability of the device. They are known for
their superior properties, such as thermal conductivity,
metallic or semiconducting electronic behavior, and surface
area.! Among these materials, graphene is the most common,
and it presents different chemical structures, such as

graphene, graphene oxide, or reduced graphene oxide (RGO0).%®
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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.! The
covalent approach allows a more stable linkage, ensures better
proximity of the organic compounds to the graphene layer,
provides ¢good solubility, and thus enhances the electron-
transfer processes. However, a covalent bond causes the
introduction of wundesirable sp® 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 stability and
requires the dispersion of the organic molecules in the

medium.?

Graphene has been used for solar applications as quantum dots
for sensitizing SCs.* 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.® In this case,
an amino-functionalized 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;. Thus, the D-n-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
stability over time. This stability was attributed 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 mnanoparticles or other HECs or WOCs.®® 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.®!?

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):]'®* known for its high efficiency in
water oxidation and good stability onto carbon nanostructures
thanks to the n-n 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.

RGO-TPATHhTh [Ru(bda)(pyrpic)]

Figure 41: Structures of the investigated compounds.
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6.2 Design and synthesis

The investigated photosensitizer is a triphenylamine-based D-
n-A dye characterized by a long mn-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 synthetic
pathway for HazN-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 @) synthesized following a
literature procedure,!*!% first nitrating the triphenylamine with
sodium nitrate in acetic acid and dichloromethane, and then
brominating with N-bromosuccinimide in WV, V-
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
reaction® 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 HN-TPAThTh will be obtained. All the further
optical and electrochemical characterizations of the HzN-
TPAThTh are still in progress.
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Scheme 6: Synthesis of HaN-TPAThTh. Reagents and conditions. i) B'-
formyl-2,2'-bithiophene-5-boronic acid, [Pd(dppf)Cl:]' DCM, KzCO3z, EtszN,
Me-THF-MeOH (1:1), 50 °C, 6 h; ii) cyanoacetic acid, piperidine, CHCls,
reflux, 8 h; iii) Zn (powder), HCl 37%, EtOH-H:0 (10:1), reflux, 1 h.

Sz
% CN
COOH
H2N-TPAThTh

RGO-TPAThTh

Scheme 7: Synthesis of RGO-TPAThTh. Reagents and conditions. iv)
pristine RGO, isoamyl nitrite, DMF, 80 °C

In conclusion, this project is still 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

6.5.1 General information

NMR spectra were recorded with a Bruker Advance-Neo spectrometer
operating at 400 MHz ('H) and 100 MHz (!3C). Coupling constants are
given in Hz. ATR FT-IR spectra were recorded with a PerkinElmer Spectrum
100. Compounds were purified using flash chromatography with Merck grade
9385 silica gel 230-400 mesh (60 A). The glassware for water-free
reactions 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. Conversion was monitored by thin-layer
chromatography (Silica gel on TLC Al foils with fluorescent indicator 254
nm) by using UV light (254 and 365 nm) as a visualizing agent. All
reagents were obtained from commercial suppliers at the highest purity
grade and used without further purification. Anhydrous solvents were
purchased from Acros Organics and wused without further purification.
Organic phases obtained after extraction were dried with Naz;SO, and filtered
before removal of the solvent by evaporation. 4-bromo-N-(4-nitrophenyl)-WN-
phenylaniline (1) was prepared following literature procedures.!'4:15

5'-(4-((4-nitrophenyl)(phenyl)amino)phenyl)-[2,2'-bithiophene]-5-
carbaldehyde (2). In oven-dried glassware, 1 (130 mg, 0.35 mmol) was
dissolved in 2-methyltetrahydrofuran (10 mL) and methanol (10mL) under
nitrogen atmosphere. The solution was degassed with nitrogen flow for 30
min then 5'-formyl-2,2'-bithiophene-5-boronic acid (100 mg, 0.42 mmol),
Pd(dppf)Cly (28 mg, 0.035 mmol), K3;COz (483 mg, 3.5 mmol) and
triethylamine (4 drops) were added. The reaction mixture was stirred at
room temperature and degassed with nitrogen flow for 3 min and then
heated at 50 ‘C for 6 hours. After completion of the reaction as monitored
by TLC, the mixture was quenched by pouring into a saturated solution of
NH,Cl (30 mL) and CH3;Cly (30 mL). Filtration on Celite and extractions
with organic solvent allowed to isolate the crude product, then purified
through column chromatography on silica gel (n-heptane/AcOEt, 4:1). The
desired product was isolated as a light-yellow solid (78 mg, 0.14 mmol)
with 46% yield. 'H NMR (400 MHz, CDClz) &§ 9.87 (s, 1H), 8.07 (d, J -
9.3 Hz, 2H), 7.68 (d, J - 4.0 Hz, 1H), 7.88 (d, J = 8.6 Hz, 2H), 7.40 (&,
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, B5H), 7.01 (d, J = 9.3 Hz, 2H).

2-cyano-3-(5'-(4-((4-nitrophenyl)(phenyl)amino)phenyl)-[2,2'-bithiophen]-5-
yDacrylic acid (3). Compound & (78 mg, 0.16 mmol), cyanoacetic acid (140
mg, 1.60 mmol), and piperidine (0.2 mL, 1,92 mmol) were dissolved in 5
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mL of chloroform and warmed to reflux for 5 h. After having the solvent
evaporated, an aqueous solution of HCl 10% was added and the mixture
was left under magnetic stirring for 1 h at room temperature. The solid
that precipitated, was filtered, and washed with water. The desired product
was isolated as a red solid (40 mg, 0.07 mmol) with 44% yield. 'H NMR
(400 MHz, DMSO) & 8.45 (s, 1H), 8.11 (d, J - 9.3 Hz, {3H), 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, BH), 6.95 (d, J
= 9.3 Hz, 2H).

3-(5'-(4-((4-aminophenyl)(phenyl)amino)phenyl)-[2,2'-bithiophen]-5-y1)-2-

cyanoacrylic acid (HzN-TPAThTh). To a room temperature solution of 3 (40
mg, 0.07 mmol) in EtOH (10 mL), zinc powder (7 mg, 0.11 mmol) was
added. After stirring for 5 min, HCl 37% (0.1 mL) and Hz;O0 (1 mL) were
added. The reaction mixture was refluxed for 1 h and then allowed to cool
to room temperature. The reaction mixture was filtered on celite, washed
with EtOH and the solvent was evaporated with rotavapor. After addition
of a solution of potassium carbonate, an orange solid precipitated and it
was filtered. 'H NMR (400 MHz, DMSO) &6 8.11 (d, J - 9.4 Hz, 2H), 7.98
(s, 1H), 7.78 (d, J = 8.7 Hz, {H), 7.63 (d, J = 4.5 Hz, 1H), 7.56 (4, J -
3.9 Hz, 1H), 7.50 (d, J - 3.8 Hz, 1H), 7.49 - 7.44 (m, 3H), 7.34 - 7.23
(m, B5H), 6.94 (d, J - 9.4 Hz, 2H). FT-IR v/(cm'!): 2913, 1590, 1490,
1055, 948. !'*C NMR spectrum was not recorded due to low solubility of

the compound.
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Chapter 7: Covalent approach in DSPEC

Aim of this section

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)z] 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 mnot 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.
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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 stability
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
stability 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.! This can be possible

136



thanks to the structural and functional optimization of the
single sub-units, their spatial proximity, and the stability of

the connections between them.

Many examples exploiting ruthenium photosensitizers have
been presented in the literature.®*® 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)z]-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

facilitate 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.!'®!! 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-functionalized
cobalt diamine-dioxime was subjected to copper-catalyzed click
chemistry with an alkyne-functionalized organic dye.'?1!%
However, both designs did not obtain remarkable results in
photoelectrochemical hydrogen evolution due to the high
degradability 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).'* In this case, a diketopyrrolopyrrole
was functionalized with a cyanoacrylic acceptor and anchor
group for binding the TiO;, 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.

(@ /1(b) e St/S*
Increased +
cB light absorption "Bu - 02 +4H
CN o
L N Anch 8
Y nchor to
_¥o) s O AP O Celimet ON 2H,0 =
Anchor to N O &S oA 2
i & 3 Sy 3
/B RIDY >
Limits "BY ;@ N\ P | =
aggregation o \/
o
7 WOC
ST SS “h
Glass | FTO TiO, DPP-Ru .1 TiO,

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)(lL):]).'® For
metal-free sensitizers, we have considered dibranched D-(m-A)s
molecules whose classes have been previously investigated in
many dye-sensitized photovoltaic and solar fuels production
applications.!®!® 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 Dbeen characterized optically and -electrochemaically.
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 possibility of forming a symmetrical dibranched dye
characterized by two mn-A branches that increase the 1light-
harvesting capability and the anchoring stability of the
system.!-19:18.19 Thegse 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
n-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?®® 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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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-ylDthiophen-2-y1)-
1,3,2-dioxaborolane, Pd(dppf)Clz-CH;Cls, K;C0O3, 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-yDpropyl 4-methylbenzenesulfonate, NaH 60%, THF or DMF
anhydrous, O °‘C, 30 min and then rt, overnight; iii) HC1 10%/THF
(1:2), BO C, 2 h; iv) cyanoacetic acid, piperidine, CHClz 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®! and sodium hydride in anhydrous DMF
to afford the intermediates B8a-b. A following palladium-
catalyzed Suzuki-Miyaura cross-coupling performed in similar
condition than the other case inserts the n-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 still 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 solution
allows the protonation of the carboxylic acids leaving the

pyridyl ring free.

All the final products have been fully characterized with 'H
and !'®°C NMR, as well as melting point, FT-IR, and HRMS to

check the required structures and purities.
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Scheme 9: Synthetic pathway for PTZ-Py and CBZ-Py. Reagents and
conditions: v) (3-bromopropoxy)(tert-butylddimethylsilane, NaH 60%,
anhydrous DMF, O 'C, 30 min and then rt, overnight vi) 5-formyl-2-
thienylboronic acid, Pd(dppf)Clz'CH:Clg, K;COz, DME/MeOH (1:1),
microwave 90 ‘C, 200 W, 90 min; wvii) tetra-n-butylammoniumfluoride,
THF, O °'C 5 min, rt, 3 h; viii) nicotinic acid, 4-(dimethylamino)pyridine,
N,N'-dicyclohexylcarbodiimide, CHz:Cl;, -10 ‘C, 2 h, O °C, B h, ix)

cyanoacetic acid, piperidine, CHCls 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)(DMS0):],?* [Ru(bda)(pic)(DMSO)(CHsCN)] was obtained
after reaction in acetonitrile with stoichiometric 4-picoline.?®3

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 585 °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 self-
assembly onto the -electrode surface. The titanium dioxide
electrode was soaked into a 2x10* M EtOH/DMSO (9:1) solution
of the dye together with the precursor of the catalyst
[Ru(bda)(pic)(DMSO)(CH3CN)] in the same concentration. The
films were left sensitizing 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 mnot 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.
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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 1l-pm TiOz 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 n-n* absorption in the 300-450 nm range and
to the ICT transition in the 400-600 nm range.?®* 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, ?®° 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 still 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 1l-pm TiOz 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; 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).
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Figure 47: UV-Vis spectra on 1l-pm transparent TiO; 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-
H;0 (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®® and listed in Table 5

as well as Aonset.
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Table 5: Optical parameters of investigated sensitizers in solution and

on transparent TiO; films.

Dye
)\max[a’b] }\onset[a’b] € Egaupc'pt
Dye loadingte!
(nm) (nm) (M'! em1) (eV)
(nmol cm=®)
soln film soln film soln film
370 371 27000
PTZ-4Py 589 618 44.5 2.00 1.91
472 450 +1000
370 371 24900
PTZ-3Py 586 624 65.7 1.96 1.87
471 455 +400
367 28510
PTZ-C3-4Py - 601 - - 1.93 -
467 +30
370 370 23400
PTZ-Py 600 648 54.0 1.92 1.77
479 455 +300
34300
CBZ-4Py 448 417 BR9 545 37.1 2.26 2.12
+100
36000
CBZ-3Py 447 413 B28 546 55.8 2.26 2.14
+2000
45000
CBZ-C3-4Py 462 418 540 603 600 42.2 2.20 1.95
T

[a] Dye solution 10® M in DMSO. [b] l-um transparent TiO; photoanode.
[c] 3.5-um transparent TiOz photoanode

The optical properties of the dyad-sensitized 1l-um TiO; 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 listed in Table 6. The
oxidation potentials were determined wusing CV and DPV in
solution and adsorbed onto TiOz. 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.
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Figure 48: UV-Vis spectra on 1-um transparent TiOp film of the

phenothiazine-based dyads
(right).
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Figure 49: CV of phenothiazine-based dyes (left) and carbazole-
based dyes (right) solubilized in 0.1 M TBACIOs in DMF

degassed with nitrogen.
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Figure 80: DPV of phenothiazine-based dyes (left) and carbazole-based
dyes (right) solubilized in 0.1 M TBACIO, in DMF degassed with

nitrogen.

Table 6: Electrochemical parameters of investigated sensitizers in

solution and on 3&.5-uym transparent TiOz film.

Vogla Dl
Dye (V vs HOMOQ!a:b.cl Egap©P® LUMO(&.».a)
Fc/Fc*) (eV) +t0.085 eV eV) (eV) +t0.05 eV
+10 mV
soln film soln film soln film soln film
PTZ-4Py 0.458 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 .26 2.12 -3.80 -3.70
CBZ-3Py 0.858 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 -3.98 -3.82

[a] in TBACIO4, 0.1 M in DMF. [b] 3.5-uym transparent TiOz photoanode in
TBAC10, 0.1 M in DMF. [c] Fc*/Fc = 5.23 eV wvs. vacuum. [d] LUMO -
HOMO + Egqap°Pt

The electrochemical characterization of the dye-sensitized
photoanodes was performed using CV with 0.1 M TBACIOs in
CH3zCN 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 B52). 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.
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Figure 51: CV on 3.5-uym transparent TiO; films of the phenothiazine-
based dyes (left) and carbazole-based dyes (right) in 0.1 M TBACIO.
in CHzCN degassed with nitrogen.
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Figure 52: DPV on 3.5-pm transparent TiO; films of the phenothiazine-
based dyes in 0.1 M TBACIO, in CHzCN 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; (-4.00
eV),?” thus ensuring the transfer of the excited electrons into
the CB of the SC.

30 -
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TiO: PTZ-4Py PTZ-3Py PTZ-Py CBZ-4Py CBZ-3Py CBZ-C3-4Py

Figure 53: Schematics of calculated energy levels (vs vacuum) of the

investigated dyes in comparison with TiO; 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)(CHsCN)] (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 2x10* 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 TiOz, 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-pm-TiO;

in CH3CN degassed with nitrogen. CE -

50 mV g!.
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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 TBACIO4
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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.®® All carbazole-based dyads
exhibit an oxidation bump around +1.1 V wvs 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,!'*?° 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 TiO; 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 3ds,; are plotted in Figure 56: C 1ls peaks of
carbon atoms are visible at 285.4 eV (C-C/C-H), 286.9 eV (C-
0) and 289.5 eV (0-C-0) (Figure 57).3° After adsorption of the
dyads, the intensity of C-O peak is lowered with respect to C-
C/C-H and 0O-C:-0. This can be attributed to the presence of O-
C-0 groups on the dyads at the binding positions. The XPS
spectra of the ruthenium complexes show the peak for Ru
3ds,2 with a binding energy of 281.7 eV, thus supporting the
presence of the Ru complex in the dyad. Meanwhile, Ru 38ds/s
peaks are hidden by the C 1s peak.®':®® 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 28p and Ru 4d peaks. The increase in intensity of
the Ru 4d region (3.5 eV) confirms the presence of the

coordination complex.
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Figure B55: XPS, survey spectra of the analyzed compounds compared
to the TiO; spectrum; core-levels involved in the bonding interaction

between TiOz; and the dyes are labelled in bold.
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Figure B6: XPS spectra of the high-resolution core level for C 1s and

Ru 3d region of the analyzed compounds compared to the bare TiOs;.
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Figure 58: XPS spectra of the high-resolution core level for N 1s

region of the analyzed compounds compared to the bare TiOs;.
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Figure 59: On the left, XPS valence-level spectrum of the analyzed
compounds compared to the bare TiOz, 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 ability of the dyad-sensitized PEC to perform the
photoinduced water splitting reaction was measured through
photoelectrochemical measurements under white light
illumination (200 W Xe lamp, 4201800 nm) in 0.1 M Na2S04
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 all 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

158



experiments for the dyad-

are reported

them.
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Figure 61: CA of TiO; 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 Na3SOs gy at pH 5.8 under chopped
illumination (200 W Xe lamp; 4201800 nm).

The CBZ-3Py-sensitized electrode exhibited a negligible
photocurrent of 3.5 pA cm®, while the corresponding dyad
CBZ-3Py+Ru presented an 8-times higher photocurrent (25 pA
cm™®) at the end of the experiment. Also, in the case of CBZ-
4Py (8.6 pA cm®) and the corresponding dyad CBZ-4Py+Ru (30
nA cm®), 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.®?%* PTZ-3Py+Ru and PTZ-4Py+Ru exhibited current
densities higher than the corresponding dyes; however, the

values obtained were lower than 1 pA cm™.
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Table 7: Photocurrent densities obtained from CA measurements
(charge passed over 10 min illumination) in dye- and dyad-
sensitized PEC.

J1o Ajtel
Dye (LA cm™®) (LA cm-?3)
Dyela! Dye+Rulb!
PTZ-4Py 0 0.6 0.6
PTZ-3Py 0.1 0.7 0.6
CBZ-4Py 8.6 30 Rl.4
CBZ-3Py 3.5 25 R1.5

[a] Current density at the end of the 10-min-CA experiment for the dye-
sensitized electrode. [b] Current density at the end of the 10-min-CA
experiment for the dyad-sensitized electrode. [c] Variation in current
density between the dyad- and the corresponding dye-sensitized 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

stability of these systems
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Figure 68: 2-hours-CA of TiOp; films sensitized with CBZ-3Py+Ru (left)
and CBZ-4Py+Ru (right) in 0.1 M NazSO4 (aqy at pH 5.8 with an applied
bias of ~0.5 V vs NHE under illumination (200 W Xe lamp; 4201800

nm).

The Oz evolution was measured by means of the collector-

generator technique,®® as recently reported by many studies
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on DS-PEC water splitting!'*:353°% 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.

FE (%)
. Average FE!®!
Dyad Experiment n
(%>
1 2 3 4
PTZ-4Py+Ru 66 103 110 500 ~-1951P]
PTZ-3Py+Ru 82 97 120 300 -150¢1P]
CBZ-4Py+Ru 46 57 63 65 58 + 12
CBZ-3Py+Ru a'e 85 91 95 88 + 9

[a] FE as average on four experiments. [b] Further comments in the

text.

The carbazole-based dyes showed high reproducibility 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.! 714

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™?. 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 (¢), and PTZ-3Py+Ru (d).
Black line: current-time trace at illuminated (200 W Xe lamp; 420 « i
« 800 nm) dyads-sensitized TiO; electrode in 0.1 M Na.SO, 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 pm from the photoanode at an

applied bias of -~-0.6 V wvs 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 Amax 0f 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-
sengitized 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.” 14
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Figure 64: IPCE of dyad-sensitized TiO; films of CBZ-3Py+Ru (left) and
CBZ-4Py+Ru (right) compared with the corresponding dye-sensitized
film. Experiments performed in 0.1 M NazS0, 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.
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Figure 65: LHE (left) and APCE (right) spectra of CBZ-3Py+Ru- and
CBZ-4Py+Ru-sensitized TiO; 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 Dbeen
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 liability of the
photosystem and low current densities, while the carbazole-
based dyads presented a good reproducibility 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.”!* 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 efficient
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-8570 Jasco spectrophotometer.
UV-03 treatment was performed using Novascan PSD Pro Series - Digital
UV Ozone System. The thickness of the layers was measured utilizing a
VEECO Dektak 8 Stylus Profiler. CV was carried out at a scan rate of 50
mV s!, wusing a Bio-logic 8SP-240 potentiostat in a three-electrode
electrochemical cell 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 solution or a sensitized
3-um-thick TiO, film, a Pt wire, and an Ag/Ag' electrode (0.01 M AgNOs;
0.1 M TBACIO, in ACN). The electrolyte solutions were TBACIO, 0.1 M in
DMF for the characterization in solution, and TBAC1O, 0.1 M in DMF for
the characterization on films. The preparation and sensitization of the 3.5
pm thick TiO,; film are described 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 HzS0, before use. The Ag/Ag* pseudo-reference electrode was
calibrated by adding ferrocene (103 M) to the test solution after each
measurement (potentials measured versus Fc/Fc* and converted to NHE by
addition of +0.69 V).4° NHE was converted to vacuum by addition of -4.6
V.41

7.6.2 Preparation of photoanodes

The photoanodes have been prepared as described below, adapting a
procedure reported in the literature.%*® All 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 solution
for 15 min using an wultrasonic bath, rinsed with pure water and EtOH.
After treatment in a UV-Os system for 18 min, a transparent active layer
of 0.8 cm?® was screen-printed using Dyesol 18NR-T active transparent TiO;
paste. The coated films were thermally 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 pm transparent TiOz film, prepared as described
above, were treated in a UV-Oz system for 20 min at room temperature,
then immersed into a & x 10* M solution 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 pum transparent TiOp film.

7.6.3 X-ray photoelectron spectroscopy
measurements

XPS was performed on Thermo Scientific K-Alpha X-ray photoelectron
spectrometer with a monochromatic Al Ka X-ray source under high vacuum
(2 x 108 mbar), using an electron flood gun to avoid sample charging. The
data fitting was performed by Thermo Avantage v5.9911 software, using
mixed Gauss-Lorentz functions.

7.6.4 Oxygen evolution quantification by collector-
generator technique and Photoelectrochemistry

The dyad-sensitized photoanode was illuminated under an applied bias, thus
acting as an Oz generator. An FTO electrode (previously cleaned via 15
min sonication in EtOH) was sandwiched to the photoanode (with both
conducting sides facing inward), in order to be used as the collector, i.e.,
the electrode at which the reduction of the evolved O; takes place. The
sandwiched device was held together by 4 layers of unstretched parafilm
(ca. 400 pum spacing), sealed by pressing at 65 'C for 60 s. The two
lateral sides of the C-G sandwich were left open, allowing for the filling
of wvoid space between electrodes with electrolyte solution by capillary
forces. Both the photoanode generator and the FTO collector were contacted
using Cu tape (also covered by the parafilm layers), and respectively
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 reference
and the counter electrode. The sandwich was then immersed in degassed
NazSO; 0.1 M solution (pH 5.8) and illuminated with a 200 W Xenon lamp
(using a LOT-Oriel xenon white light source, equipped with a 420 nm cut-
off filter to minimize TiOp; contribution and an IR filter to avoid cell
warming). The generator electrode was held at 0.3 V vs Ag/AgCl bias,
while the collector at -0.8 V vs Ag/AgCl, identified in literature as the
optimal O reduction potential.®3 The collector-generator efficiency of the
set-up under our experimental conditions turned out to be 82%, in good
agreement with the one reported by the Finke“® group on a very similar

set-up (i.e., with a small gap between the generator and collector).

Photoelectrochemistry has been performed in similar condition. The working,
counter, and the pseudo-reference electrodes were a sensitized 3-um-thick
TiOz film, a Pt wire and an Ag/AgCl (KCl 3 M) electrode. The electrolyte
solutions were Na3SO, 0.1 M aqueous solution at pH 5.8. The photoanode
generator was contacted using Cu tape and all electrodes were connected
to a bipotentiostat (Autolab PGSTAT 302 N). The DSPEC was illuminated
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with a 200 W Xenon lamp (using a LOT-Oriel xenon white light source,
equipped with a 420 nm cut-off filter to minimize TiOz contribution and
an IR filter to avoid cell warming).

7.6.5 Synthesis

NMR spectra were recorded with a Bruker AMX-500 spectrometer operating
at 500.13 MHz (!H) or Bruker Advance Neo spectrometer operating at 400
MHz (!H) and 100 MHz (!3C). Coupling constants are given in Hz. High
resolution mass spectra have been recorded with an Agilent 6230B Time
of Flight (TOF) equipped with an electrospray (Dual ESI) source. Flash
chromatography was performed with Merck grade 9385 gilica gel 230-400
mesh (80 A). Reactions performed under inert atmosphere were performed
in oven-dried glassware, and a nitrogen atmosphere was generated with
Schlenk technique. The conversion was monitored by thin-layer
chromatography by using UV light (254 and 3685 nm) as a visualizing
agent. All reagents were obtained from commercial suppliers at the highest
purity grade and wused without further purification. Anhydrous solvents
were purchased from Acros Organics and used without further purification.
Extracts were dried with Na3;SO, and filtered before removal of the solvent
by evaporation. Compounds 10H-3,7-dibromophenothiazine (la),** 9H-3,6-
dibromocarbazole (1b),%% 4,4,5,5-tetramethyl-2-[5-(4,4,5,5-tetramethyl-1,3-
dioxolan-2-yl)thiophen-2-yl]-1,3,2-dioxaborolane,?° (3-bromopropoxy)-tert-
butyldimethylsilane,?! [Ru(bda)(DMSO)(MeCN)(pic)]?? were prepared

according to literature.

3-(pyridin-4-yl)propyl 4-methylbenzenesulfonate. To a solution of4-
Pyridinepropanol (180 mg, 1.09 mmol) in DCM (1 mL)
benzyltrimethylammonium chloride (10 mg, 0.05 mmol) and 1 mL NaOH,q
(30%) are added. p-toluenesulfonyl chloride (230 mg, 1.2 mmol) solubilized
in 1 mL of DCM is added dropwise. The solution is left stirring at room
temperature overnight. The reaction is quenched adding H;O0 (20 mL) and
extracting with DCM & times. The organic phases are washed with water
5 times. The crude product is purified by silica pad (DCM/EtOH, 4:1). The
product was isolated as a yellowish oil (240 mg, 0.82 mmol, 75%). 'H
NMR (400 MHz, DMSO) 6 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
, J = 6.3 Hz, ’RH), 2.63 - 2.55 (m, ]H), 2.43 (s, 3H), 1.94 - 1.86 (m,
RQH).

3,7-bis(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-yl1)-10H-
phenothiazine (8a). 10H-3,7-dibromophenothiazine (760 mg, 2.11 mmol) and
Pd(dppf)Clz;-CH2Cl; (172 mg, 0.21 mmol) were dissolved in dimethoxyethane
12.5 mL and stirred 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-yl1]-1,3,2-
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dioxaborolane (1.80 g, 4.44 mmol) and methanol (12.5 mL) were added,
and the solution was stirred for 15 min under nitrogen atmosphere. In the
end, K;C0z (2.90 g, 21.1 mmol) was added to the solution and the reaction
was performed with microwave irradiation (100 'C, 70 W, 60 min) and
then quenched by pouring into a saturated solution of NH4Cl (70 mL) and
CH:;Clz (70 mL). Filtration on Celite and extractions with organic solvent
allowed to 1isolate the c¢rude product, then purified through column
chromatography on silica gel (petroleum ether/AcOEt, 3:1). The desired
product was isolated as a light-yellow solid (1.10 g, 1.80 mmol) with 84%
yield. 'H NMR (Benzene-ds, 5300 MHz): § (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, {H), 5.Y6 (d, J = 8.2 Hz, 2H), 4.87 (s, 1H), 1.20
(s, 123H), 1.09 (s, 12H).

3,8-bis(5-(4,4,5,8-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-yl)-9 H-carabazole
(2b). 9H-3,6-dibromocarbazole (415 mg, 1.27 mmol) and Pd(dppf)Clz-CH:Cl;
(106 mg, 0.13 mmol) were dissolved in dimethoxyethane 2.5 mL and stirred
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-yl1]-1,3,2-dioxaborolane
(950 mg, 2.81 mmol) and methanol (2.5 mL) were added, and the solution
was stirred for 15 min under nitrogen atmosphere. In the end, K;COz (1.75
g, 12.7 mmol) was added to the solution and the reaction was performed
under microwave irradiation (100 ‘C, 70 W, 90 min) and then quenched by
pouring into a saturated solution of NH4Cl (40 mL) and CHxCly; (40 mL).
Filtration on Celite and extractions with organic solvent allowed to isolate
the crude product, then purified through column chromatography on silica
gel (n-heptane/AcOEt, 2:1). The desired product was isolated as a white
solid (383 mg, 0.65 mmol) with 51% yield. 'H NMR (500 MHz, CDCls): &
(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, {H), 7.20 (d, J = 3.7 Hz, {3H), 7.14 (d, J = 3.6 Hz, 2H),
6.22 (s, 2H), 1.39 (s, 123H), 1.34 (s, 12H).

10-(pyridin-4-ylmethyl)-3,7-bis(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-

yDthiophen-2-y1)-10H-phenothiazine (3a). Compound &a (400 mg, 0.64
mmol) was dissolved in 10 mL of anhydrous THF in a two-necked flask
under N; atmosphere, then the solution was cooled to 0'C using an ice
bath and NaH 60% (39 mg, 0.96 mmol) was added and the solution was
stirred at O 'C for 40 min. Meanwhile in a beaker 4-(bromomethyl)pyridine
hydrobromide (143 mg, 0.96 mmol) was dissolved in 25 mL of a saturated
aqueous solution of K3COz and in 25 mL of Etz0. The mixture was extracted
with Et;0, the organic phase was washed with water, dried on MgSO,. The
solution is reduced to 1.5 mL and then slowly introduced in the reaction
flask. The resulting solution was stirred at rt overnight. The following
day, the reaction mixture was quenched with iced water, then extracted
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with CH;Clz; and the organic phase was washed with water and dried with
MgSO, and concentrated. The crude was purified using flash column
chromatography on silica gel (cyclohexane/AcOEt, 1:1). The desired product
was isolated as a light-yellow solid (430 mg 0.60 mmol) with 35% yield.
'H NMR (400 MHz, CDCls) 6 8.88 (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), 7.08 (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(8-(4,4,8,6-tetramethyl-1,3-dioxolan-2-

yDthiophen-2-y1)-10H-phenothiazine (3b). Compound 2a (77 mg, 120 upmol)
was dissolved in 4 mL of anhydrous DMF in a two-necked flask under N3
atmosphere, then the solution was cooled to O°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; atmosphere, then the solution was cooled
to O ‘C using an ice bath and other NaH 60% (6 mg, 0.15 mmol) was
added. After stirring the two solutions at O 'C for 40 min, they were
combined and the resulting solution was stirred at rt for 15 min, when
TLC revealed the complete conversion of the starting material. The reaction
mixture was quenched with iced water, then extracted with CH3;Cl; and the
organic phase was washed with water and dried with NazSOs and
concentrated. The crude was purified using flash column chromatography
on silica gel (cyclohexane/AcOEt, 1:1). The desired product was isolated
as a light-yellow solid (30 mg, 42 pmol) with 34% yield. 'H NMR (DMSO-
dé, 500 MHz): 6§ (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-(4,4,5,8-tetramethyl-1,3-dioxolan-2-

yDthiophen-2-yl1)-9 H-carbazole (3¢). Compound &b (270 mg, 0.46 mmol) was
dissolved in 12 mL of anhydrous THF in a two-necked flask wunder Nj
atmosphere, then the solution was cooled to O ‘C using an ice bath, and
NaH 60% (36 mg, 0.92 mmol) was added and the solution was stirred at
0O 'C for 1 h. Meanwhile in a beaker 4-(bromomethyl)pyridine hydrobromide
(177 mg, 0.70 mmol) was dissolved in 25 mL of a saturated aqueous
solution of Kz;COz and 25 mL of Et;0. The mixture was extracted with Et;0;
the organic phase was washed with water and dried on MgSO,. The solution
is reduced to 1.5 mL and then slowly introduced in the reaction flask. The
resulting solution was stirred at rt overnight. The following day, the
reaction mixture was concentrated in rotavapor up to 85 mL. Then, 10 mL
of Et;0 and 40 mL of iced water were added. The light yellow precipitated
solid (285 mg 0.42 mmol) was filtered and washed with Et3;O0 achieving a
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91% yield. 'H NMR (500 MHz, CDClsz): 6§ (ppm) = 8.83 (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, {H),
7.281 (d, J = 3.6 Hz, 2H), 7.15 (d, J = 3.6 Hz, {2H), 7.08 (d, J = 5.7 Hzg,
{QH), 6.21 (s, RH), 5.51 (s, 2H), 1.39 (s, 12H), 1.33 (s, 12H).

9-(pyridin-3-ylmethyl)-3,6-bis(6-(4,4,5,8-tetramethyl-1,3-dioxolan-2-
yDthiophen-2-y1)-10H-carbazole (3d). Compound &b (383 mg, 0.65 mmol)
was dissolved in 10 mL of anhydrous THF in a two-necked flask under N3
atmosphere, then the solution was cooled to O °‘C using an ice bath and
NaH 60% (90 mg, 2.21 mmol) was added. After stirring at O 'C for 1 h,
the 3-(bromomethyl)pyridine hydrobromide (214 mg, 0.85 mmol) was added
and the solution was stirred at rt overnight. The following day, the reaction
mixture was quenched with iced water, then extracted with CH3Clz and the
organic phase was washed with water, dried with Naz;SO, and concentrated.
The desired product was isolated as a light-yellow solid (420 mg 0.61
mmol) with 95% yield. 'H NMR (400 MHz, CDClz): &§ (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),
7.7 (dd, J - 8.5, 1.8 Hz, 2{H), 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, 3H), B5.47 (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-
yDthiophen-2-y1)-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 Nj
atmosphere, then the solution was cooled to O °‘'C using an ice bath and
NaH 60% (40 mg, 1.0 mmol) was added. The resulting solution was stirred
at rt for 3 days, when TLC revealed the conversion of the starting material.
The reaction mixture was quenched with iced water, then extracted with
Et;O0 and the organic phase was washed with water multiple times and
dried with Na3zS0O, and concentrated. The crude was purified using a silica
pad (first with DCM and then with EtOH). The desired product was isolated
as a light-yellow o0il (78 mg, 0.1 mmol) with 50% yield. 'H NMR (400
MHz, CDClsz) & 8.42 (s, {H), 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 -
8.8 Hz, 1H), 6.16 (s, 2H), 3.85 (t, J = 6.5 Hz, {H), .74 (t, J - 7.4 Hz,
_{H), 2.16 - 2.08 (m, 2{H).

9-(3-(pyridin-4-yl)propyl)-3,6-bis(5-(4,4,5,5-tetramethyl-1,3-dioxolan-3-

yDthiophen-2-yl1)-9 H-carbazole (3f). Compound 8b (200 mg, 0.35 mmol) was
dissolved in 10 mL of anhydrous THF in a two-necked flask wunder Nj
atmosphere, then the solution was cooled to O ‘'C using an ice bath and
NaH 60% (40 mg, 1.02 mmol) was added. After stirring at O 'C for 1 h,
the 3&-(pyridin-4-yl)propyl 4-methylbenzenesulfonate (140 mg, 0.48 mmol)
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was added and the solution was stirred at rt for 3 days. The reaction
mixture was quenched with iced water, then extracted with Et;0 and the
organic phase was washed with water, dried with Naz;SO, and concentrated.
The crude was purified using a silica pad (first with DCM and then with
EtOH). The desired product was isolated as a 1light-yellow o0il with a
quantitative yield. 'H NMR (400 MHz, CDClz) & 8.44 (d, J - 4.8 Hz, 2H),
8.28 (d, J = 1.5 Hz, 23H), 7.65 (dt, J - 8.46, 1.50 Hz, 2H), 7.2 - 7.17
(m, 4H), 7.14 (d, J = 3.7 Hz, 2H), 7.08 (d, J = 4.6 Hz, 2H), 6.21 (s,
RQH), 4.24 - 4.17 (m, 2H), 2.59 (&, 4 = 7.1 Hz, {H), .22 - 2.09 (m, 2H),
1.39 (s, 6H), 1.33 (s, 6H).

General procedure A for the cleavage of the protective group for the
aldehydic functionality (iii). Pinacol ester precursor was dissolved in 10%
HCl.o/THF (1:2). The mixture was heated at 80 'C for 2 h and then poured
into water. K3COz was slowly added until basic pH was reached, and then
THF was removed under reduced pressure. The product precipitated was
filtered on Hirsh and washed with water.

5,8'-(10-(pyridin-4-ylmethyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-2-
carbaldehyde) (4a). Product 4a was synthetized according to general
procedure A for the cleavage of the protective group using product 3a
(270 mg, 0.38 mmol), 30 mL 10% HCl,,/THF (1:2). The desired product
was isolated as an orange solid (195 mg) with quantitative yield. 'H NMR
(400 MHz, DMSO): 6 (ppm) = 9.88 (s, 2H), 8.585 (dd, J = 4.5, 1.4 Hz, 2H),
8.01 (d, J = 4.0 Hz, 2H), 7.68 (d, J = 4.0 Hz, 23H), 7.65 (d, J = 2.3 Hz,
_2H), 7.883 (dd, J = 8.6, 2.2 Hz, 2{H), 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 synthetized according to general
procedure A for the cleavage of the protective group using product 3b
(430 mg, 0.60 mmol), 30 mL 10% HCl.,/THF (1:2). The desired product
was isolated after filtration on SiO; with CHzCl; and then with EtOH as an
orange solid (230 mg, 0.45 mmol) with 75% yield. 1H NMR (DMSO-d6, 500
MHz): 6§ (ppm) = 9.88 (s, {H), 8.62 (d, J = 1.5 Hz, 1H), 8.48 (d, J = 3.6
Hz, 1H), 8.01 (d, J = 4.0 Hz, {QH), 7.72 - 7.68 (m, 3H), 7.66 (d, J = 2.1
Hz, 2H), 7.54 (dd, J = 8.6, 2.1 Hz, 2{H), 7.38 (dd, J = 7.8, 4.9 Hz, 1H),
6.92 (d, J = 8.7 Hz, 2H), 5.32 (s, {H).

5,8'-(9-(pyridin-4-ylmethyl)-9 H-carbazole-3,6-diyl)bis(thiophene-2-

carbaldehyde) (4c¢). Product 4c¢ was synthetized according to general
procedure A for the cleavage of the protective group using product 3¢
(140 mg, 0.21 mmol), 15 mL 10% HCl,,/THF (1:2). The desired product
was isolated as a yellow solid (91 mg, 0.19 mmol) with 91% yield. 'H
NMR (400 MHz, DMSO): 6 (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, {H),
7.96 (dd, J = 8.6, 1.9 Hz, 2H), 7.81 (d, J = 4.0 Hz, 2{H), 7.74 (d, J -
8.6 Hz, 2H), 7.10 (d, J = 6.1 Hz, {2H), 5.84 (s, {H).

5,8'-(9-(pyridin-3-ylmethyl)-9 H-carbazole-3,6-diyl)bis(thiophene-2-
carbaldehyde) (4d). Product 4d was synthetized according to general
procedure A for the cleavage of the protective group using product 3d
(420 mg, 0.61 mmol), 287 mL 10% HCl,,/THF (1:2). The desired product
was isolated as a yellow solid (290 mg, 0.60 mmol) with 98% yield. 'H
NMR (400 MHz, DMSO): & (ppm) = 9.92 (s, 23H), 8.90 (d, J = 1.8 Hz, 2H),
8.88 (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), 7.89 - 7.48 (m, 1H), 7.30 (dd, J - 7.8, 4.8
Hz, 1H), 5.83 (s, {H).

5,58'-(10-(3-(pyridin-4-yl)propyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-2-
carbaldehyde) (4e) Product 4e was synthetized according to general
procedure A for the cleavage of the protective group using product 3e (78
mg, 0.10 mmol), 6 mL 10% HCl.,q/THF (1:2). The desired product was
isolated after a filtration on silica pad (first with DCM, then with
DCM/MeOH, 4:1) as a red solid (40 mg, 0.074 mmol) with 74% yield. 'H
NMR (400 MHz, DMSO) & 9.89 (s, 2H), 8.41 (dd, J = 4.5, 1.8 Hz, 2H),
8.02 (d, J = 4.0 Hz, {H), 7.71 (d, J = 4.0 Hz, 23H), 7.65 (d, J = 2.3 Hz,
_QH), 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 (¢, J = 6.8 Hz, {2H), 2.75 (t, J = 7.6 Hz, 2H), 2.13
- 2.01 (m, 2H).

5,8'-(9-(3-(pyridin-4-yDpropyl)-9 H-carbazole-3,6-diyl)bis(thiophene-2-
carbaldehyde) (4f) Product 4f was synthetized according to general
procedure A for the cleavage of the protective group using product 3f (250
mg, 0.35 mmol), 9 mL 10% HCl,/THF (1:2). The desired product was
isolated as a red solid with quantitative yield. 'H NMR (400 MHz, DMSO)
6§ 9.92 (s, {H), 8.86 (d, J = 1.6 Hz, {H), 8.42 (dd, J = 4.4, 1.6 Hz, 2H),
8.08 (d, J = 4.0 Hz, 2{H), 7.96 (dd, J - 8.6, 1.9 Hz, 2H), 7.81 d, J -
4.0 Hz, 2{H), 7.74 (d, J = 8.6 Hz, 2H), 7.21 (dd, J = 4.4, 1.6 Hz, 2H),
4.54 (¢, J = 7.1 Hz, {H), 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.), cyanoacetic acid (5 equiv.), and piperidine (6 equiv.) were
dissolved in dry CHClz (0.2 M) and warmed to reflux for 8 h. After having
the solvent evaporated, a solution of HCl 10% was added, and the mixture
was left under magnetic stirring for 5 h at room temperature. The solid
that precipitated was filtered and dissolved in a saturated aqueous solution

of K3;COz. The new solid that precipitated was filtered and dissolved in a
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solution of citric acid 1 M. Then, the new solid that precipitated was
filtered and washed with water.

3,3'-(85,5'-(10-(pyridin-4-ylmethyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-
B,2-diyl))bis(2-cyanoacrylic acid (PTZ-4Py). PTZ-4Py was synthetized
according to general procedure B for Knoevenagel condensation using
product 4a (230 mg, 0.45 mmol), cyanoacetic acid (383 mg, 4.5 mmol),
piperidine (460 mg, 5.4 mmol) and 10 mL of dry CHClz. The reaction was
quenched with 10 mL of 10% HCl solution. A dark purple solid (238 mg,
0.37 mmol) was isolated as the product with 82% yield. m.p. » 250 °C
(dec). 'H NMR (400 MHz, DMSO): & (ppm) - 8.55 (d, J - 5.8 Hz, 2H),
8.46 (s, 2H), 7.98 (d, J = 4.3 Hz, 3H), 7.70 (d, J = 4.0 Hz, 2H), 7.62
(d, J = 2.2 Hz, {H), 7.50 (dd, J = 8.5, 2.2 Hz, {H), 7.34 (d, J = 5.8 Hz,
2H), 6.83 (d, J - 8.7 Hz, 2H), 5.29 (s, 2H). !*C NMR (101 MHz, DMSO)
6§ 152.08, 151.56, 150.26, 147.01, 146.28, 144.41, 141.92, 134.50,
1237.96, 126.48, 1235.15, 124.72, 123.22, 122.47, 117.00, 116.83, 98.33,
50.80. FT-IR v/(cmt): 23908, 1712, 1868 (s), 1426 (s), 1202 (b), 798 (s).

3,3'-(5,5'-(10-(pyridin-3-ylmethyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-
5,2-diyl))bis(R2-cyanoacrylic acid (PTZ-3Py). PTZ-3Py was synthetized
according to general procedure B for Knoevenagel condensation using
product 4b (195 mg, 0.38 mmol), cyanoacetic acid (323 mg, 3.8 mmol),
piperidine (390 mg, 4.6 mmol) and 25 mL of dry CHClz. The reaction was
quenched with 30 mL of 10% HCl solution. A dark purple solid (208 mg,
0.32 mmol) was isolated as the product with 85% yield. m.p. » 250 °C
(dec). 'H NMR (400 MHz, DMSO): § (ppm) = 8.68 (s, 1H), 8.88 - 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,
_H), 7.56 (dd, J = 8.5, 1.8 Hz, {H), 7.43 (dd, J = 7.7, 4.9 Hz, 1H), 6.99
(d, J - 8.7 Hz, 2H), 5.36 (s, {H). '*C NMR (126 MHz, DMSO) 6 164.03,
151.92, 146.96, 144.18, 143.84, 141.80, 141.69, 136.97, 134.61, 128.24,
1237.37, 126.50, 125.27, 124.88, 123.96, 117.10, 116.94, 98.46, 48.77.
FT-IR v/(cm''): 1689 (w), 1584 (s), 1434 (s), 1202 (s), 803 (s).

3,3'-(8,5'-(9-(pyridin-4-ylmethyl)-9 H-carbazole-3,6-diyl)bis(thiophene-5,2-

diyl))bis(R-cyanoacrylic acid) (CBZ-4Py). CBZ-4Py was synthetized according
to general procedure B for Knoevenagel condensation using product 4c (171
mg, 0.35 mmol), cyanoacetic acid (297 mg, 3.5 mmol), piperidine (358 mg,
4.2 mmol) and 10 mL of dry CHCls. The reaction was quenched with 20
mL of 10% HCl solution. A dark red solid (170 mg, 0.28 mmol) was
isolated as the product with 80% yield. Due to low solubility, addition of
citric acid (CA) was necessary to improve the solubilization of the
compound and to record better NMR spectra. m.p. » 250 'C (dec). 'H NMR
(400 MHz, DMSO) 6 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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RQH), 7.70 (d, J = 8.7 Hz, 2H), 7.10 (d, J - 5.4 Hz, 2H), 5.80 (s, 2H),
2.78 (d, J - 15.4 Hz, 4H, CA), 2.65 (d, J = 15.4 Hz, 4H, CA). '3C NMR
(101 MHz, DMSO) &§ 175.33 (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 v/(cm!): 2921, 2214 (s), 1702 (s), 1873 (s), 1421 (s), 1199 (s,
793 (s). HRMS (Dual-ESI) m/z: caled. for [M-H]- CzsHzoN,0.82: 611.0853,
found 611.0845; caled. for [M-H-COz]" 567.0955, found 567.0949; calcd.
for [M-H-2CO0z]- 523.1057, found 523.1048

3,3'-(5,5'-(9-(pyridin-3-ylmethyl)-9H-carbazole-3,6-diyl)bis(thiophene-5,-
diyl))bis(R-cyanoacrylic acid) (CBZ-3Py). CBZ-3Py was synthetized according
to general procedure B for Knoevenagel condensation using product 44 (290
mg, 0.61 mmol), cyanoacetic acid (690 mg, 8.14 mmol), piperidine (831
mg, 9.77 mmol) and 30 mL of dry CHClz. The reaction was quenched with
10 mL of 10% HCl solution. A dark red solid (200 mg, 0.33 mmol) was
isolated as the product with 60% yield. m.p. » 280 'C (dec). 'H NMR (400
MHz, DMSO): & (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, {QH), 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). !'C NMR (101 MHz, DMSO) 6§ 164.27, 154.90,
149.29, 148.82, 146.90, 142.05, 141.69, 135.05, 134.22, 133.31, 128.77,
125.12, 124.81, 124.29, 123.51, 119.74, 117.26, 111.38, 98.16, 44.06.
FT-IR v/(em'!): 2919, 2213 (s), 1701 (s), 1575 (s), 1423 (s), 1208 (s),
790 (s). HRMS (Dual-ESI) m/z: calcd. for [M-H]- CzsHz0N404S3:: 611.0853,
found 611.0844; calcd. for [M-H-COz]" 567.0955, found 567.0947; calcd.
for [M-H-2CO03]° 523.1087, found 523.1046.

3,3'-((10-(3-(pyridin-4-yl)propyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-

5,2-diyl))bis(R-cyanoacrylic acid) (PTZ-C3-4Py). PTZ-C3-4Py was synthetized
according to general procedure B for Knoevenagel condensation wusing
product 4e (40 mg, 0.074 mmol), cyanoacetic acid (63 mg, 0.74 mmol),
piperidine (88 pL, 9.77 mmol) and 6 mL of dry CHClz/CHzCN (1l:1). The
reaction was quenched with 10 mL of 10% HCI solution. A dark red solid
(20 mg, 0.030 mmol) was isolated as the product with 40% yield. m.p. »
250 'C (dec). 'H NMR (400 MHz, DMSO) &§ 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, R{H), 7.2% (d, J = 5.6 Hz, {H), 7.12 d, J -
8.6 Hz, 2{H), 3.97 (¢, J = 6.3 Hz, 2H), 2.75 (&, J = 7.5 Hz, 2H), 2.13 -
2.00 (m, R2H). '3C NMR (101 MHz, DMSO) 6 164.11, 162.31, 152.24,
147.11, 145.00, 142.16, 134.46, 127.75, 127.24, 126.55, 1235.10, 124.97,
124.21, 117.11, 117.01, 98.21, 46.61, 32.70, 26.81. FT-IR v/(cm'!): 2994

(b), 1867 (s), 1481 (s), 1348 (s), 1219 (b), 809 (8).
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3,3'-((9-(3-(pyridin-4-yl)propyl)-9 H-carbazole-3,6-diyl)bis(thiophene-5,2-

diyl))bis(R-cyanoacrylic acid) (CBZ-C3-4Py). CBZ-C3-4Py was synthetized
according to general procedure B for Knoevenagel condensation wusing
product 4f (280 mg, 0.55 mmol), cyanoacetic acid (470 mg, 5.5 mmol),
piperidine (0.65 mL, 6.64 mmol) and 12 mL of dry CHClz/CHzCN (1:1).
The reaction was quenched with 5 mL of 10% HCl solution. A dark red
solid (60 mg, 0.094 mmol) was isolated as the product with 17% yield.
m.p. » 250 ‘C (dec). 'H NMR (400 MHz, DMSO) 6§ 8.82 (d, J - 1.6 Hz,
_QH), 8.51 (s, RH), 8.42 (4, J = 6.0 Hz, {H), 8.06 (d, J = 4.1 Hz, 2H),
7.95 (dd, J - 8.6, 1.8 Hz, {H), 7.86 (d, J = 4.0 Hz, 2H), 7.77 (d, J
8.6 Hz, RH), 7.2 (d, J = 5.9 Hz, 2{H), 4.54 (¢, J = 6.8 Hz, 3H), 2.82 -
2.63 (m, 3H), 2.22 - 2.10 (m, 3H). !'3C NMR (101 MHz, DMSO) &§ 164.29,
161.58, 155.29, 147.27, 142.47, 142.18, 141.67, 134.06, 126.83, 125.586,
124.76, 124.74, 123.28, 119.63, 117.15, 111.30, 97.50, 72.89, 32.91,
28.77. FT-IR v/(ecm'): 2916, 1554 (s8), 1426 (s), 1194 (b), 783 (8).

3,7-dibromo-10-(3-((tert-butyldimethylsilyl)oxy)propyl)-10H-phenothiazine
(Ba). Compound la (2.1 g, 5.6 mmol) was dissolved in 50 mL of anhydrous
DMF in a two-necked flask under N; atmosphere, then the solution was
cooled to O °'C using an ice bath and NaH 60% (1.12 g, 28 mmol) was
added and the solution was stirred at O °'C for 30 min. Then, (3-
bromopropoxy)-tert-butyldimethylsilane (1.3 g, 5.04 mmol) was added, the
ice bath was removed, and the solution was stirred under magnetic agitation
overnight at room temperature. The reaction was quenched with ca 600
mL of water and ice. The color of the solution changed from dark red to
light green. Then 200 mL of EtO; were added, the 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 green solid was filtered over Hirsh and washed with petroleum ether.
The filtrate solution was evaporated under reduced pressure and an orange
0il was obtained (2.34 g, 4.4 mmol, 87%). 'H NMR (500 MHz, Acetone-ds)
6 7.35 (dd, J = 8.7, 2.3 Hz, {3H), 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 = B.7 Hz, 2H), 1.97
(quintet, 2H), 0.87 (s, 9H), 0.01 (s, 6H).

3,6-dibromo-10-(3-((tert-butyldimethylsilyldoxy)propyl)-9 H-carbazole (Bb).
Compound 1b (1.0 g, 3.07 mmol) was dissolved in 34 mL of anhydrous
THF in a two-necked flask under N; atmosphere, then the solution was
cooled to O °‘C using an ice bath and NaH 60% (614 mg, 15 mmol) was
added and the solution was stirred at O °‘C for 30 min. Then, (3-
bromopropoxy)-tert-butyldimethylsilane (700 mg, 2.76 mmol) was added,
the ice bath was removed, and the solution was stirred under magnetic
agitation for three days at room temperature. The reaction was quenched
with ca 600 mL of water and ice. Then 200 mL of EtO; were added, the

176



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 c¢rude product was purified with column
chromatography (n-heptane 100% and then heptane/Et:0, 5:0.2). The
product was not subjected to further purification, and it was used as it
was into the next reaction.

5,8'-(10-(3-((tert-butyldimethylsilyl)oxy)propyl)-10H-phenothiazine-3,7-
diyl)bis(thiophene-2-carbaldehyde) (6a). Compound Ba (600 mg, 1.13 mmol)
and Pd(dppf)Clz-CH:Cl;, (92 mg, 0.11 mmol) were dissolved in
dimethoxyethane 12.5 mL and stirred for 30 min under nitrogen
atmosphere. Then (5-formylthiophen-2-yl)boronic acid (424 mg, 2.4 mmol)
and methanol (12.5 mL) were added, and the solution was stirred for 30
min under nitrogen atmosphere. In the end, K3;COz (1.6 g, 11.3 mmol) was
added to the solution and the reaction was performed with microwave
irradiation (90 ‘C, 70 W, 75 min) and then quenched by pouring into a
saturated solution of NH4Cl (70 mL) and AcOEt (70 mL). Filtration on
Celite and extractions with organic solvent allowed to isolate the crude
product, then purified through column chromatography on silica gel
(petroleum ether/AcOEt, from 7:2 to 5:2). The desired product was isolated
as a light-yellow solid (410 g, 0.69 mmol) with 61% yield. 'H NMR (400
MHz, DMSO) 6§ 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, B6H).

5,5'-(9-(3-((tert-butyldimethylsilyl)oxy)propyl)-9 H-carbazole-3,6-
diyl)bis(thiophene-2-carbaldehyde) (6b). Crude compound 8b (740 mg, 1.48
mmol) and Pd(dppf)Cls-CH:Cly (125 mg, 0.185 mmol) were dissolved in
dimethoxyethane 2.5 mL and stirred for 15 min under nitrogen atmosphere.
Then (5-formylthiophen-2-yl)boronic acid (845 mg, 3.5 mmol) and methanol
(2.5 mL) were added and the solution was stirred for 15 min under
nitrogen atmosphere. In the end, Kz;COz (2.1 g, 14.8 mmol) was added to
the solution and the reaction was performed with microwave irradiation
(90 °C, 70 W, 90 min) and then quenched by pouring into a saturated
solution of NH;Cl (30 mL) and AcOEt 370 mL). Filtration on Celite and
extractions with organic solvent allowed to isolate the crude product, then
purified through column chromatography on silica gel (n-heptane/AcOEt,
5:3). The desired product was isolated as a light-yellow solid (190 mg,
0.34 mmol) with 23% yield. 'H NMR (400 MHz, DMSO) 6 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, {H), 7.81 (d, J = 4.0 Hz, {H), 7.723 (d, J = 8.5 Hz, {2H), 4.53 (¢,
J = 6.8 Hz, 2H), 3.60 (¢, J = 5.9 Hz, 2H), 2.00 (¢, J = 6.3 Hz, 2H), 0.90
(s, 9H), 0.03 (s, 6H).
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5,8'-(10-(3-hydroxypropyl)-10H-phenothiazine-3,7-diyl)bis(thiophene-2-
carbaldehyde) (7a). Compound 7a was synthesized according to ref. 46,
using as reagent compound 6a (619 mg, 1.04 mmol) and tetra-n-
butylammoniumfluoride (690 mg, 2.6 mmol) dissolved in 60 mL of THF and
stirred at O ‘C for 5 min and then at room temperature for 3 h. The
product was obtained as a red solid (310 mg, 0.65 mmol) with 63% yield.
'H NMR (500 MHz, DMSO) 6§ 9.89 (s, 2H), 8.02 (d, J - 3.9 Hz, 2H), 7.70
a, 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, {H), 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, {H).

3-(3,7-bis(5-formylthiophen-2-y1)-10H-phenothiazin-10-yl)propyl nicotinate
(8a). Compound 8a was synthesized according to ref. 47, using as reagent
compound 7a (300 mg, 0.63 mmol), nicotinic acid (78 mg, 0.63 mmol),
dicyclohexylcarbodiimide (196 mg, 0.95 mmol). The crude product was
purified with column chromatography using dichloromethane/AcOEt (2:1) as
eluent. The product was obtained as a red solid (35 mg, 0.06 mmol, 10%).
'H NMR (500 MHz, DMSO) & 9.89 (s, 2H), 9.05 (d, J = 1.7 Hz, 1H), 8.79
(dd, J - 4.8, 1.7 Hz, 1H), 8.2 (dt, J - 7.8, 2.0 Hz, 1H), 8.02 (d, J -
4.0 Hz, 2H), 7.69 (d, J = 4.0 Hz, {H), 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 = 9.3 Hz, 2H), 4.46 (t, J
= 6.0 Hz, 2H), 4.223 (¢, J = 7.0 Hz, 2H), 2.23 - 2.19 (m, 2H).

3,3'-(8,5'-(10-(3-(nicotinoyloxy)propyl)-10H-phenothiazine-3,7-

diyl)bis(thiophene-5,2-diyl))bis(2-cyanoacrylic acid) (PTZ-Py). PTZ-Py was
synthetized according to general procedure B for Knoevenagel condensation
using product 8a (35 mg, 0.06 mmol), cyanoacetic acid (51 mg, 0.6 mmol),
piperidine (83 mg, 0.62 mmol) and 7 mL of dry CHClz. The reaction was
quenched with 8 mL of 10% HCIl aqueous solution. The product was isolated
as a dark purple solid (29 mg, 0.04 mmol) with 67% yield. m.p. » 850 °C
(dec). 'H NMR (400 MHz, DMSO) 6 9.05 (s, 1H), 8.78 (d, J - 3.8 Hz, 1H),
8.32 (s, RH), 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), 7.2% (d, J = 7.9 Hz, 3H), 4.45
(, J = 6.0 Hz, 2H), 4.20 (¢, J = 6.6 Hz, 2H), 2.21 (dd, J = 9.8, 3.3 Hz,
2H). '3C NMR (101 MHz, DMSO) 6 165.17, 164.06, 154.07, 150.50, 144.93,
139.91, 137.837, 135.16, 127.94, 126.30, 126.01, 124.80, 124.36, 118.15,
117.07, 63.16, 44.14, 25.79. FT-IR v/(cm'!'): 2931, 1701, 1568 (s), 1357

(s), 1191 (bd, 792, 714.
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Chapter 8: WOC in (photo)electrochemical

cells

Aim of this section

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 TiOz; using BODIPY molecules, which
are unfunctionalized at positions 38 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 & 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)(CHzCN)] WOC so obtained was adsorbed first on
ITO slides to study its electrochemical activity as a WOC. It

was then studied on TiOz films to investigate its
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photoelectrochemical activity since the 3-pyalkBod ligand
absorbs visible 1light. Despite the new WOC showing high
current densities, 1its application in photoelectrochemaical
studies as a dyad has completely failed. In fact, it was totally
indifferent to the wvisible 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 active 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.!* To the standard
potential for water splitting (1.23 V), the anode and the
cathode overpotential (n, and n.), and the total voltage drops
on other parasitic resistances in the electrochemical cell,
including solution resistance, contact resistance, and membrane
resistance (notner) Must be added. Hence, the potential required

for driving the water splitting can be described as Eq. 8.1.°
Eop = 123V + ng + e+ Nother (Eq. 8.1)

n. and n. typically result from the unfavorably high energies
required for the formation of reaction intermediates on the
electrode surface.® The E,, 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 suitable 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.”® 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 panels.
In most cases, inorganic oxides are used as catalysts in this
field. Although the inorganic oxides have high stability, their
properties cannot be easgily tuned.!® 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
possibility 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.!! The current state-of-the-art electrocatalysts for
water splitting are iridium- or ruthenium-based.!'?!'* 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 availability of materials, their low cost, and
the low risk of depletion, but for now, they still suffer from
high lability of the ligands, difficulties in reaching high
oxidation states and 1low efficiencies versus the classical

ruthenium or iridium-based ones.!®

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 Dbetween the SC and a W, 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 literature examples,'®!” are
unsubstituted in order to avoid a steric conflict with the
surface. BODIPY dyes have always seen wide application in
different fields, such as Dbioimaging, ion sensing, light-
harvesting, and as a hole- or electron-transfers.'® Moreover,
they have recently been used in homo- or heterogeneous PC
and DSPEC with the only purpose of being a light-harvesting
material.!®?® 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.?®® 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 wusually
preferred because it provides many benefits, including higher
extinction coefficients,?®*®% greater fluorescence quantum
yields,?®® a redshift of the visible absorption,!” and good
synthetic and commercial availability.'® 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 Dbetter stability in aqueous media than did the
carboxylic acid wversion. 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 TiOs;.

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 TiOz; and the
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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).

BrPh-Bod

Br— 7 N
= /
N. B- N
F F
Br-Bod Ph,-Bod

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 A).2” 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,?® hence purification was not possible. The
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synthesis of these compounds was adapted from literature

procedures?®®3® ag described in Scheme 11.

Starting from 2,2'-(phenylmethylene)bis(1H-pyrrole),®*! Bod was
obtained after oxidation with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) in dichloromethane, followed by insertion
of the BF; group by reaction of the mixture with BFz Et;0 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 Brz-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 Brz-Bod, gave Phz-Bod and BrPh-Bod. All
compounds have been characterized wvia NMR (*H, !B, !°F)

spectroscopy and compared with literature data.

Bod, Brz-Bod, and Phz-Bod have been optically characterized
in 10°% M acetonitrile solution and their spectra normalized to
their molar extinction coefficient as reported in Figure 67.
The Amax 0f all compounds is reported in Table 9, as well as
the relative molar extinction coefficients. The Anax 0f 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 Phiz-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

)\max[a] 3
Dye

(nm) (Mt ecm1)
Bod 346, 497 58000+ 1000
Brz-Bod 372, 530 51000+ 1000
Phz-Bod 390, B80 44000+ 1000
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Phy-Bod BrPh-Bod

Scheme 11: Synthetic pathway for the investigated compounds. i) 1.
DDQ@, dry DCM, rt, 10 min, 2. EtszN, BFz Et;0, reflux, 30 min; ii) Bra,
dry DCM, rt, 2 h; iii) phenylboronic acid, Pd(dppf)Clz-CH;Cl;, K:COs,
EtzN, Toluene/Hz:0 (1:1), reflux, 45 min.
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Figure 67: UV-vis spectra in acetonitrile of Bod. Brz-Bod, Phz-Bod.

The dye-sensitized films were prepared by soaking an oven-
dried TiOz 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 films (Bod, Brz-Bod, and
Phs-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 Phz-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 Brz-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 TiOp films sensitized with Bod, Br:-Bod
or Phz-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 Brs-Bod-
sengitized one and a similar absorption for the BrPh-Bod-
sengitized 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 TiO: in an oblique mode with respect to the surface.
Hence, the presence of gsmall 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 posgition should allow binding with the
TiOz;. 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!'V-oxo dimers whose molecular structure is still
somewhat wuncertain due to the presence of many active
isomers.®? %% Based on these new results on BODIPY molecules,
I decided to functionalize a ligand of the iridium WOC
[Ir(pyalk)(CO):]13* (pyalk = 2-(2'pyridyl)-2-propanolate) to
anchor this catalyst on the electrode surface by exploiting the
anchoring ability of BODIPY dyes. The designs I chose are
depicted in Figure 69. I studied a monomeric design [Ir(3-
pyalkBod)(CO)(CHsCN)] 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.

Irge O,
N/l \ /’,,‘ OH2
H0” '\

[Ir(3-pyalkBod)(CO)(CH3;CN)] Ir-3-pyalkBod dimer

Figure 69: Molecular structures of the investigated compounds.

The [Ir(3-pyalkBod)(CO)(CH:CN)] 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 a-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)z]. 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 J3-cyanopyridine Dby reaction
with metaldehyde, iron sulfate, and ftert-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 functionality to form an
amide bond with &. The amino-functionalized BODIPY portion
is prepared by adapting from literature procedures.®%%% 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 WN,N-diisopropylethylamine 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
8 and compound 6 wusing 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)(CHzCN)] WOC is obtained after adding to
[Ir(cod)Cl]le (cod - 1,5-cyclooctadiene) a dichloromethane

solution of 3-pyalkBod, previously deprotonated with an
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aqueous solution of K;COz. 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.

NO,

\] =
Y NH HN-Z

4

3-pyalkBod [Ir(3-pyalkBod)(CO)(CH3CN)]

Scheme 12: Synthetic route for [Ir(3-pyalkBod)(CO)(CHzCN)]. i) 1.
metaldehyde, acetonitrile, rt, 10 min, 2. FeS0, H;0, trifluoroacetic acid,
70% tert-butyl hydroperoxide aqueous solution, reflux, 3.5 h; ii) methyl
magnesium bromide, anhydrous THF, O ‘C, 3 h; iii) NaOH, EtOH 70%,
reflux, 3 h; iv) 1. DDQ, extra dry DCM, rt, 30 min, 2. WNN-
diisopropylethylamine, boron trifluoride diethyl etherate, reflux, 1 h;
v) iron (powder), HCl 12 M, EtOH/H:0 (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. K2COszcq, DCM, rt,
30 min, 2. [Ir(cod)Cl]lz, rt, 30 min, 3. CO bubbling, rt, 5 min, 4.
CH:CN.

The [Ir(3-pyalkBod)(CO)(CHzCN)] has been characterized with
FTIR, NMR ('H, ''B, !°F), and HRMS to check the purity and
the correct structure. FTIR confirms the formation of the
complex showing the peak at 23024 cm-1 assigned to the CO
ligand. The boron triplet and the fluorine doublet of doublets,
respectively in !''B and !°F NMR, confirms the retention of the
BF:; core and the addiction of the iridium center in the correct
position. The signal of the acetonitrile ligand in 'H 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-ds). 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 still under investigation.

We studied these compounds both on ITO and FTO+TiOz; 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 TiO; 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)(CHzCN)] 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 So-S:
(n-n*) transition with a Amax 0f about 500 nm.?®° A weaker
transition at higher energy, around 300-400 nm, is solvent
dependent and it is attributed to the 8o-Sz transition related
to the electronic configuration of the substituents.®” Both 3-
pyalkBod and [Ir(3-pyalkBod)(CO)(CHsCN)] 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.
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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)(CHsCN)] spectrum whose shape is similar to the
[Ir(pyalk)(CO)z] spectrum. The difference of about 15 nm in
the Amax 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)(CHsCN)].

The absorption spectra on ITO or TiOz; 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)(CH3zCN)].

On ITO films, the peak of the 8S,-S; transition is still
recognizable and it is slightly redshifted of less than 5 nm.
The absorption of the [Ir(3-pyalkBod)(CO)(CHsCN)]-sensitized
film is lower with respect to the &-pyalkBod one. The lower
loading may be attributed to a lesser solubility of the
compound in the sensitization solution that needs to be highly
concentrated (5 mM). On the TiOz film, the situation is similar
(Figure 72). The strong absorption related to the So-S;
transition of the bodipy portion is still 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 still under investigation. In all the
spectra, a significant sloping baseline 1is observed. This
increased absorbance could be attributed to the doping of boron
from the bodipy-based compounds into the surface of the TiO;

as the molecules bind to the surface. This increase in
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absorbance has been reported before for boron doping of TiO;

and it may also happen in ITO films.%8
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Figure 72: Absorption spectra of the FTO+TiO; films sensitized with 3-
pyalkBod and [Ir(3-pyalkBod)(CO)(CHzCN)].

8.8 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 NazS0Os aqueous solution at
pH 6.7, as shown in Figure 73. The CV of the 3-pyalkBod-
sengitized 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)(CHsCN)]-sensitized film, instead, shows a high
catalytic wave at +1.2 V wvs NHE that can be assigned to
water oxidation catalysis.®® Then we also see a reversible
redox peak at E,;3 = +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.

2.5+

[Ir(3-pyalkBod)(CO)(CH,CN)]
1 —— 3-pyalkBod
209 ——|TO film

Current density (mA cm™)

02 00 02 04 06 08 10 12 14
Potential (V) vs NHE

Figure 73: CV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-sensitized
ITO films in NazSO, 0.1 M in Hz;O0 at pH 6.7 degassed with nitrogen.

LSV further confirmed the inability 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)(CHzCN)]-sensitized one. At +1.2 V vs NHE,
the difference in current densities between the two films is
about 1.4 mA cm™® 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 uA cm™® 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 NazSOs 0.1 M in H3;0 at pH 6.7 degassed with

nitrogen.
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Figure 75: CA of [Ir(3-pyalkBod)(CO)(CHzCN)]- and 3-pyalkBod-

sengitized ITO films in NazS0O4 0.1 M in H3;0 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).%° This could be attributed to a
different design in the ligand structure, 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 conformation
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 [IP(3-pyalkBod)(CO)(CH3zCN)]

and its capabilities in water oxidation.

cl N
. Ne/
’\O A

Figure 76: Molecular structures of the previous iridium WOC of ref 40
and [Ir(3-pyalkBod)(CO)(CH3zCN)].
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8.6 Photoelectrochemistry

Since 3-pyalkBod is visible-light active, [Ir(3-
pyalkBod)(CO)(CHsCN)] 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 pm thick layer of TiO; 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
TiO; films was performed in 0.1 M Nas;SO, aqueous solution at

PH 6.7 and it is shown in Figure 77.
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Figure 77: CV of [Ir(3-pyalkBod)(CO)(CHzCN)]- and 3-pyalkBod-sensitized
FTO+TiO, films in NazxS0, 0.1 M in H;0O 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)(CHsCN)]-
sensitized electrode presented about the same trend showing a
redox peak at E;;» = +0.74 V vs NHE and the irreversible
reduction peak at +1.15 V wvs NHE. The high catalytic wave
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that started at +1.1 V vs NHE confirmed the capability of this
electrode in the oxidation of water.®® Not surprisingly, the
current densities obtained in the ITO case are higher because
TiOz 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+TiOp film. The LSV performed in
the dark reflects the same result obtained with the ITO slides
(Figure 78). The difference in generated current between the
[Ir(3-pyalkBod)(CO)(CH3zCN)]- and 3-pyalkBod-sensitized films
was around 200 pA cm™® at 1.2 V vs NHE and kept increasing

on moving to higher potentials.
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Figure 78: LSV of [Ir(3-pyalkBod)(CO)(CH3CN)]- and 3-pyalkBod-
sensitized FTO+TiO; films in NazxS0O, 0.1 M in H3;0 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 wunder
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

we supposed, the

continuous and chopped irradiation, but, as

current densities did not change (Figure 80).
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Figure 79: LSV of [I
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r(3-pyalkBod)(CO)(CH3CN)]-sensitized FTO+TiO; films

in NazS0, 0.1 M in H:0 at pH 6.7 degassed with nitrogen in the dark,
under continuous and 5-s-chopped irradiation.
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Figure 80: LSV of 3-pyalkBod-sensitized FTO+TiOs; films in NaszS0O, 0.1

M in H;O0O 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
inability 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.
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Figure 81: Chronoamperometry of TiOx+ FTO films sensitized with [Ir(3-
pyalkBod)(CO)(CH3CN)] and 3-pyalkBod in 0.1 M NazS0sw.q at pH 6.7
with an applied bias of +1.0 V versus Ag/AgCl under 30-s chopped

illumination (Solar simulator; 420A«800 nm).

We know from previous studies with Terahertz spectroscopy
that BODIPY dyes anchored to TiOz; by the boron functionality
can inject the electrons in the CB of TiO:. We still need to
understand if the charge transfer between the dye and the
WOC portion is possible or not and if this kind of ligand
recombines immediately. Moreover, from the CV profiles on
both ITO and TiOz, 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 did 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 1light
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 films of nanoparticulate indium tin oxide (ITO) were made on FTO
coated glass electrodes. The FTO coated glass was washed by successive
sonication in ethanol, water, isopropanol, and acetone. A paste was made
by sonicating 0.5 g ITO nanoparticles in 0.5 g glacial acetic acid and 1 g
ethanol. Then the paste was deposited onto the cleaned FTO glass using a
doctor blading method with one layer of Scotch® Magic™ Tape as the
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barrier. The films were then annealed in a muffle furnace at 500 °‘C for
one hour. Finally, the films were reduced in a tube furnace with an
atmosphere of 5% Hy; in Np; and heated to 300 ‘'C for one hour.

8.7.2 Preparation of the TiO., films

Mesoporous nanoparticulate TiOz; thin films were doctor-bladed onto FTO
slides, and then annealed for a final thickness of ca. 4 um, following a
literature procedure.4! The FTO coated glass electrodes were cleaned via
sonication to remove any surface contamination that might be present on.
Each sonication step took about 15 minutes beginning with water and
followed by acetone, isopropanol, and ethanol. After sonication, the slides
were then blown dry with air. One layer of TiO; was deposited onto the
clean substrate by doctor-blade, using commercial TiOz; paste and one layer
of Scotch® Magic™ Tape as the Dbarrier. Ti-Nanoxide T/SP paste was
purchased from Solaronix and used as received. The samples were then
thermally 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, followed by heating to 480 °C
at a rate of 180 °‘C/h, holding at 480 'C for 30 min, and finally returning
to room temperature through ambient cooling. The resulting thickness of

the films was -4 pm as determined by profilometry.

8.7.3 Sensitization of the films

The dye-sensitized films are prepared using a Schlenk technique. Pyrex
overnight oven-dried text tubes are cooled wunder vacuum and then a
nitrogen atmosphere is generated. The weighted compound and the film are
inserted under nitrogen atmosphere in the sealed test tube. The solvents
are dried over molecular sieve for one week before using. The right amount
of solvent to achieve 5 mM solution is added to the test tube. The films
are left sensitizing in the dark for 20 h. After that time, the films are
washed with dry ACN and dried using nitrogen flow. The films are kept

in the dark until 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; film. UV-visible absorption spectra were collected using a
Shimadzu UV-2600 spectrophotometer. Cyclic Voltammetry (CV), Linear
Sweep Voltammetry (LSV) and Chronoamperometry (CA) were carried out
at a scan rate of 100 mV s'!, using a Pine Research Instruments WaveDrive
20 bipotentiostat in a three-electrode electrochemical cell under nitrogen.
The working electrodes were sensitized 4-um-thick TiO; films, the counter
a Pt wire and the reference an Ag/AgCl (sat.) electrode. The reference
electrode was calibrated by adding ferrocene (103 M) to the test solution
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after each measurement (potentials measured versus Fc/Fc* and converted
to NHE by addition of +0.40 V).%® The scan rate is 50 mV/s. The applied
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-electrode
setup. The irradiation was performed with solar simulator (AM 1.5G, 1
sun, 420x800)

8.7.6 Synthesis

NMR spectra were recorded with Bruker Avance Neo spectrometer operating
at 400 MHz ('H), 100 MHz (!3C), 128 MHz (!'B), and 376 MHz (!°F).
Coupling constants are given in Hz. High resolution mass spectra have
been recorded with a ThermoScientific QExactive Orbitrap FT-MS with a
Dionex 3000 UPLC system. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopic measurements were performed using an
Agilent Technologies Cary 600 series FTIR spectrometer and a PIKE
technologies GladiATR. Flash chromatography was performed with Silicycle
SiliaFlash P60silica gel 230-400 mesh (60 A). Reactions performed under
inert atmosphere were performed in oven-dried glassware, and a nitrogen
atmosphere was generated with Schlenk technique. The conversion was
monitored by thin-layer chromatography by using UV light (254 nm) as a
visualizing agent. All reagents were obtained from commercial suppliers at
the highest purity grade and used without further purification. Anhydrous
solvents were purchased over molecular sieves from Acros Organics and
used without further purification. Extracts were dried with NazS0; and
filtered before removal of the solvent by evaporation. Compounds (7-4)-
Difluoro[2-[phenyl(2 H-pyrrol-2-ylidene-k M) methyl]-1 H-pyrrolato-kV]boron

(Bod),*® (T-4)-[4-Bromo-2-[(4-bromo-2H-pyrrol-2-ylidene-k M phenylmethyl]-1H-
pyrrolato-k]difluoroboron (Brz-Bod),®° (7-4)-[4-Bromo-2-[phenyl(2H-pyrrol-2-
ylidene-k M)methyl]-1 H-pyrrolato-k N]difluoroboron (Br-Bod),3° and 2,2'-((4-
nitrophenyl)methylene)bis(l H-pyrrole) (4)3! were prepared according to

literature.

(T-4)-[4-Phenyl-2-[(4-phenyl-R H-pyrrol-2-ylidene-kN)phenylmethyl]-1 H-

pyrrolato-kN]difluoroboron (PhzBod) and (7-4)-[4-Bromo-2-[(4-phenyl-RH-
pyrrol-2-ylidene-kN)phenylmethyl]-1 H-pyrrolato-kN]difluoroboron (PhBrBod):
Phpy;Bod and PhBrBod were obtained from the same Suzuki-Miyaura reaction
adapting from the literature®® and stopping it before complete conversion.
In a two-necked round-bottom flask under nitrogen atmosphere, Brz-Bod (62
mg, 0.15 mmol) was solubilized in toluene (6 mL), then phenylboronic acid
(45 mg, 0.37 mmol) and water (85 mL) were added to the reaction mixture.
The solution was inflated with nitrogen for 30 min, then Pd(dppf)Cls;-DCM
was added, and the solution degassed for other 15 min. In the end K3COs
(207 mg, 1.5 mmol) and two drops of EtzN were added and the reaction
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was heated to reflux for 45 min. The reaction is quenched by pouring into
a saturated solution of NH;Cl (30 mL) and DCM (30 mL). After stirring
for 30 min, filtration on Celite and separation of the two phases allowed
to isolate the crude product. It 1is then purified through column
chromatography on silica gel (Hexanes/AcOEt, 6:1). The desired products
were isolated as a deep-blue solid in the case of PhzBod (35 mg, 0.083
mmol, B5%) and a purple solid in the case of PhBrBod (20 mg, 0.05 mmol
30%). PhzBod: 'H NMR (400 MHz, CDClz) 6 8.30 (s, 2H), 7.66 (t, J - 7.5
Hz, 3H), 7.63 - 7.87 (m, 2H), 7.83 (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). !°F NMR (376 MHz,
CDClz) & -145.30 (dd, J - 57.5, 28.5 Hz). !'B NMR (128 MHz, CDClz) 6
0.28 (¢, J = 29.1 Hz). PhBrBod: 'H NMR (400 MHz, CDClz) 6§ 8.35 (s, 1H),
7.80 (s, 1H), 7.68 - 7.85 (m, BH), 7.52 (d, J = 7.4 Hz, {H), 7.38 (t, J
- 7.3 Hz, 2H), 7.31 (d, J = 7.3 Hz, 1H), 7.14 (s, 1H), 6.89 (s, 1H). !°F
NMR (376 MHz, CDClz) 6 -145.20 (dd, J - 56.8, 28.5 Hz). !'B NMR (128
MHz, CDClz) 6 -0.01 (¢, J = 28.2 Hz).

B6-acetylnicotinonitrile 1): Following a reported procedure4® with
modifications, a mixture of nicotinonitrile (1.04 g, 10.0 mmol) and
metaldehyde (8.81 g, 50.0 mmol) in acetonitrile (30 mL) was stirred at
room temperature under air for 10 min. Iron(II) sulfate heptahydrate (44
mg, 0.16 mmol), trifluoroacetic acid (1.16 g, 10.28 mmol), and a 70% tert-
butyl hydroperoxide aqueous solution (3.85 mL, 28.0 mmol) were then
added in sequence. The mixture was refluxed under air for 17 h. The
resulting brown solution was concentrated to afford an o0il, which was
diluted with ethyl acetate (10 mL) and washed with saturated NaHCO3
aqueous solution (20 mL). The aqueous layer was extracted with ethyl
acetate (30 mL x 3). The organic extract was washed with brine, dried
with NazS0y4, and filtered. The filtrate was concentrated and
chromatographed (silica gel, hexanes/ethyl acetate = 5:1 to 3:2). The first
band was collected and concentrated to afford a white solid (447 mg,
31%): TLC (silica, hexanes/ethyl acetate = 3:1) Ry = 0.42; 'H NMR (CDCls,
400 MHz) 6 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-ylnicotinonitrile (2): Compound 1 (200 mg, 1,37
mmol) is solubilized in anhydrous THF (8 mL) in an oven-dried two-necked
round bottom flask under nitrogen atmosphere. The solution is cooled with
an ice Dbath and kept stirring for 15 min. a first portion of
methylmagnesium bromide (0.8 mL, 2 mmol, 38 M) is slowly added dropwise.
The solution changed from pale yellow to red and the solution is kept
stirring at O ‘C for 1 h. Then, the second portion of methylmagnesium
bromide (0.5 mL, 1.5 mmol, 3 M) is added and the solution is kept stirring
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at O 'C for 1 h and then left coming back to room temperature. The
reaction is quenched pouring into an aqueous solution of NH,;Cl and left
stirring overnight. The mixture is separated, and the aqueous phase is
extracted twice with AcOEt. The organic phases are combined, dried over
sodium sulfate, filtered and the solvent 1is removed through rotary
evaporation. The crude product is purified through flash column
chromatography (S8iO., AcOEt/Hex, 1:1). The desired product is isolated as
a yellowish oil (135 mg, 0.83 mmol, 60%). 'H NMR (400 MHz, CDzCN) &
8.85 (dd, 4 - 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-ylnicotinic acid (3): Compound 3 1is synthesized
adapting from an existing literature procedure.** Compound 2 (135 mg,
0.83 mmol) is solubilized in 2 mL EtOH 70% and solid NaOH (133 mg, 3.3
mmol) is added. The solution is stirred for 10 min at rt and became red.
The solution is heated at 89 'C for 4 h. The reaction is quenched reducing
the solvent and adding 0.2 mL HCl 37% to neutralize the solution. The
solid residues were filtered, and the liquid phase is collected, the solvent
evaporated, and the product is obtained as a brown solid in a quantitative
yield. 'H NMR (400 MHz, H,0+D;0) & 8.91 (s, 1H), 8.29 (dd, J - 8.3, 2.0
Hz, 1H), 7.75 (d, J - 8.2 Hz, 1H), 1.98 (d, J - 2.8 Hz, 1H), 1.62 (s,
6H).

5,8-difluoro-10-(4-nitrophenyl)-8 H-4A%,5A4-dipyrrolo[1,2-c:R',1"-

f][1,3,2]diazaborinine (8): In an oven-dried two-necked round bottom flask,
compound 4 (800 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 stirring solution in two portion and the
solution is left stirring at rt for 30 min. The solution assumed a dark
color. Freshly distilled boron trifluoride diethyl etherate (3.7 mL, 30 mmol)
is added to the solution and after 10 min, N,N-diisopropylethylamine (5
mL, 28 mmol) is slowly added dropwise. The solution is stirred for 30 min
at rt and then refluxed for 1 h. The reaction is quenched pouring into a
mixture of DCM and water, stirred for 30 min, and then filtrated over
celite. 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 collected, dried over sodium sulfate, filtrated
and the solvent 1is evaporated through rotary evaporation. The crude
product is purified with a filtration over silica (Hex/AcOEt, 2:1) and then
is crystallized in hexane to obtain the product as a brown solid with green
reflexes (260 mg, 0.83 mmol, 44%). 'H NMR (400 MHz, CDClz) & 8.64 -
8.24 (m, 2H), 8.00 (s, 2H), 7.92 - 7.60 (m, RH), 6.85 (d, J = 4.2 Hz,
2H), 6.59 (d, J - 4.2 Hz, 2H). !''B NMR (128 MHz, CDClz) &§ 0.25 (t, J -
28.4 Hz). '°F NMR (376 MHz, CDClz) & -145.02 (dd, J - B7.0, 28.4 Hz).
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4-(B,8-difluoro-8 H-4A4,6A%-dipyrrolo[1,2-¢c:2',1'-f][1,3,2]diazaborinin-10-
yDaniline (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 reaction is left stirring at 95
‘C for 1.5 h. Hot filtration is performed to remove the black precipitate.
The solvent is evaporated, and the crude product is purified on a silica
pad using DCM as eluent. The pure product is obtained as an orange solid
(100 mg, 0.35 mmol, 73%). 'H NMR (400 MHz, CDClz) &§ 7.89 (s, 2H),
7.45 (d, J = 8.5 Hz, {2H), 7.02 (d, J = 3.9 Hz, {3H), 6.78 (d, J = 8.5 Hz,
2H), 6.54 (d, J - 2.6 Hz, 2H), 4.10 (s, 2H). !'B NMR (128 MHz, CDCls)
§ 0.30 (t, J = 29.0 Hz). !'°F NMR (376 MHz, CDClz) &§ -145.21 (dd, J -
58.2, 29.1 Hz).

N-(4-(5,5-difluoro-5H-4A%,8A4-dipyrrolo[1,2-¢:2',1'-f][1,3,2]diazaborinin-10-
yDphenyl)-6-(2-hydroxypropan-2-yl)nicotinamide (3-pyalkBod): In an oven-
dried two-necked round bottom flask, compound 3 (215 mg, 1 mmol) is
suspended in dry benzene (12 mL) under nitrogen atmosphere. Oxalyl
chloride (0.4 mL, 0.76 mmol, 2M) is added dropwise and the five drops
of extra dry DMF are added to solubilize everything and gas bubbles started
forming. The solution is left stirring 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 triethylamine (0.1 mL, 0.76 mmol) are added. The solution is left
stirring at rt overnight. The reaction is quenched evaporating the solvent,
adding water, and filtrating the red precipitate formed. The product is
purified through flash column chromatography (SiOz, AcOEt-Hex-TEA,
1:1:0.05). The product is obtained as a red solid (20 mg, 0.05 mmol,
13%). 'H NMR (400 MHz, CDClz) & 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, {H), 7.82 (d, J -
8.6 Hz, {H), 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). !'B NMR
(128 MHz, CDClz) & 0.29 (¢, J = 28.9 Hz). '°F NMR (376 MHz, CDClz) 6§ -
144.68 (dd, J - B7.8, 28.8 Hz). !'*C NMR (101 MHz, CDC13) & 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, 237.59. ATR-FTIR v/(cm):
3336(b), 2913(b), 1551 (s), 1380(s), 1068(b), 728 (b). HRMS m/z: calcd.
for [M+H]" C24H31BF3N,03: 447.1804, found 447.1777.

[Ir(3-pyalkBod)(CO)(CH3zCN)]: In a round bottom flask, 3-pyalkBod (10 mg,
0.02 mmol) is dissolved in 2 mL DCM and a 1 mL aqueous solution of
K2:CO3 (3 mg, 0.01 mmol) is added. The mixture is stirred and degassed
for 30 min with nitrogen. In a second oven-dried two-necked round bottom
flask, [Ir(cod)Cl]z (7 mg, 0.01 mmol) is added while only the DCM solution
is transferred from the first flask to the second. The new solution is left
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stirring till everything is solubilized. Then CO is bubbled for 5 min.
Acetonitrile is added and a dark solid formed. The solid is filtered, and
the acetonitrile solution is evaporated to obtain a brown solid with a
quantitative yield. 'H NMR (400 MHz, CDzCN) 6§ 9.07 (d, J = 2.3 Hz, 1H),
8.28 (dd, J = 8.2, 2.3 Hz, 1H), 8.11 (s, 1H), 8.08 - 7.93 (m, 4H), 7.70
(d, J - 8.5 Hz, {H), 7.62 (d, J = 8.4 Hz, 1H), 7.11 (4, J = 4.2 Hz, 2H),
6.65 (s, 2H), 1.96 (s, 3H), 1.82 (s, 6H). ''B NMR (128 MHz, CDzCN) 6
0.22 (t, J = 28.3 Hz).!°F NMR (376 MHz, CDsCN) 6§ -144.86 (dd, J - 57.0,
28.5 Hz). !'*C NMR was not recorded due to low solubility of the compound.
ATR-FTIR v/(cm''): 32369(b), 2928 (b), 2024 (s), 1551 (s), 1387 (s), 12354
(8), 1108 (b), 788 (b). HRMS m/z: calcd. for [M+H-F]* CzyHz3BFIrN50s:
689.1585, found 689.1572.
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Chapter 9: Conclusions

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 light
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 capabilities. However, the evidence of the
establishment of either Dbeneficial or fruitless host-guest
interactions between the dyes and the water oxidation catalyst
are still under investigation. The second non-covalent approach
investigated in DSPEC is the n-n 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.!®
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 photoelectrochemaical 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 still 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 wultimate 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 photosynthesis, 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 organometallic
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 stability, the presence of charge recombination
processes, and low resistance wunder long-term continuous
irradiation. Hence, the research of new electron-rich and
electron-poor gscaffolds, characterized by an easy synthesis,
higher stability, 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 sgingle
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 stability of the connections between them.
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