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Abstract

Presently, Dye-Sensitized Solar Cells (DSSCs) are considered one of the most
promising technologies to convert solar energy in electric current due to their low
cost of production, their innovative aesthetic properties and their easy integration in
buildings and objects. The dye, which can be a completely organic molecule, is the
photoactive material and is considered the heart of the DSSC. Exceeding the current
record efficiency is not the unique goal which can be pursued in order to make DSSC
the most relevant photovoltaic technology: stability, transparency and color are
pivotal properties for a future worldwide commercialization of DSSCs. During this
Ph.D., these targets have been pursued by working on the structure of new organic
photosensitizers. A careful design of the structures through computational analysis
has been accomplished, then the synthesis of the selected dyes has been planned
and executed, and the optimization of reaction conditions using sustainable
procedure has been carried out when possible. Finally, the photovoltaic
performances of the solar cells built with our dyes have been assessed and compared
with those of reference dyes.
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Chapter 1

1.1. The energy issue

In the last two centuries our world has faced many important changes. Old
agricultural-based economies were abandoned to embrace industrial and
technological societies, and one of the most expensive price to pay for this change
has been a huge increase of the energy demand and the exploitation of every
possible natural resource. Every year, the world energy consumption increases and,
in 2014, amounted to almost 18 TW' of required power: quite significantly, as
depicted in Figure 1.1, the increase of nearly 37% from 2000 is mostly due to
developing countries, such as China and India, whose industries are becoming more
and more important in the world manufacturing and economic scenario.
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Figure 1.1. World Energy Consumption 2000-2014."

Although, for the first time, the growth of China total energy consumption in the last
year was nearly zero, outlooks for the next twenty years forecast a further increase in
world energy demand, estimating a value of required power of 23-24 TW in 2035.
Nowadays fossil fuels are still the main energy source (78.4% - Figure 1.2), but their
massive use is causing pollution, because of the large carbon dioxide emissions
deriving from their combustion, and will also result in their depletion in a medium-
long term period. For these reasons, the development of alternative energetic
sources cannot be postponed anymore.

" 1000 MToe = 1.33 TW.
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Renewable

Traditional biomass 9%
Bio-heat 2.6%
Ethanol 0.34%
Biodiesel 0.15%
Biopower generation  0.25%
Hydropower 3.8%
Wind 0.39%
Solar heating/cooling 0.16%
Solar PV 0.077%
Solar CSP 0.0039%
Geothermal heat 0.061%

Geothermal electricity 0.049%

= Ocean power 0.00078%

Figure 1.2. Total world energy consumption by source (2013).3

Renewable energy sources would be the perfect solution to the problem of

increasing energetic demand, because they are practically inexhaustible (at least on

the timescale associated with human technology) and their environmental impact is

low. Nowadays, the principal renewable sources exploited are biomass, hydropower

and bio-heat (Figure 1.2), but wind and solar are growi

ng rapidly as well: data for

2013 show that renewable electricity generation overtook natural gas becoming the

second largest source of electricity worldwide by producing 22% of total electricity

(Figure 1.3a)*, while the shares of solar and wind in this production grew dramatically

in the last fifteen years (Figure 1.3b)." These data are encouraging, but not satisfying

enough yet to discard fossil fuels definitively.
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Figure 1.3. a) World electricity production by source from 1973 to 2013. b) Share of wind and solar in

electricity production.
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Among all the possible renewable sources, solar energy is widely considered to have
the highest potential to become the world principal energy supply. Annual solar
irradiation to the Earth is ten thousand times higher than the world annual needs and
orders of magnitude larger than any of the other energy sources combined together
(Figure 1.4).° Even considering that only 600 of 1.7x10° TW provided by the Sun are
realistically exploitable, solar cells with an efficiency of just 10% could produce three
times the energy necessary to feed the Earth energetic needs.’

AMNUAL SOLAR
IRRADIATION
/ TO THE EARTH

SOLAR [CONTINENTS) W COAL

| WIND GAS
BIOMASS oIl
GEOTHERMAL NUCLEAR

B OCEAN & WAVE PRIMARY ENERGY
HYDRO COMSUMPTION

__ B
. g y
mwg w
4
/ GLOBAL AMMNUAL

ENERGY CONSUMPTION

Fossil fuels are expressed with regand to their total rese ves, renewable e nergies to their yearly potential
. . . o 7
Figure 1.4. Comparison of finite and renewable planetary energy reserves.

This free, inexhaustible and widely distributed kind of energy can be converted in
electric current by photovoltaics (PV). Photovoltaic devices contain semiconducting
materials which exhibit the photoelectric effect, that is electron emission promoted
by light. Using solar light, photovoltaics generate clean energy, without producing
any pollution, even if the environmental profile of PV devices during its whole cycle
of life, from raw materials extraction to end-of-life and disposal phase, is not
negligible anyway.? The principal drawbacks of PV technology, which are still limiting
its large-scale employment, are the not constant production of energy, because of
day/night alternation and the variation of solar light intensity and incidence during
the day, and the relatively high cost of produced energy (0.20 — 0.30 S/KWh), which
is still superior to that of the electricity generated from coal (0.09 — 0.14 $S/KWh) and
natural gas (0.06 — 0.12 S/KWh), and results from the high production costs of
photovoltaic devices.’ In view of these drawbacks, advances in technology, increases
in manufacturing scale and research on new materials and new methods for energy
storage are required to reduce costs of production and increase device efficiencies, in
order to make photovoltaics a real alternative to fossil fuels.
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1.2. The photovoltaic technology

Physical principles at the base of photovoltaic technologies were already known in
19" century, but the first practical photovoltaic device, also known as solar cell, was
publicly demonstrated in the mid-50’s at Bell Laboratories.” Solar cells were readily
used for space applications and improvements were gradual over the next two
decades, with a rapid drop of production costs from the 70’s. Nowadays there are
three principal classes of solar cells which differ for the materials used in their
fabrications as well as their appearance and physical properties (in particular
thickness and flexibility):

i Silicon-based solar cells
ii. Thin-film solar cells
iii. Emerging photovoltaics (organic and hybrid solar cells)

1.2.1. Silicon-based solar cells

Historically, the first class of solar cells ever developed contained mono- or
polycrystalline silicon as bulk semiconducting material, and today it is still the most
commercially predominant PV technology. Monocrystalline silicon solar modules (i.e.
arrays of cells connected in series and/or in parallel) are more efficient than
polycrystalline ones (22-23% vs. 18-19%, for a definition of photovoltaic efficiency
see below), but much more expensive too (due to their more complicated production
procedures), so polysilicon cells are the most common type used in photovoltaics."!
Typical crystalline silicon wafers for solar cells have a thickness between 160 and 240

pum.

These cells are entirely based around the concept of a p-n junction, created by
doping of the growing crystals of silicon with atoms of Group Il (B or Al for positive
junction) and Group V (P o As for negative junction): diffusion of electrons from n-
side to p-side occurs with formation of an electric field. Sunlight photons promote
electrons from the valence band of the semiconductor to the conduction band
generating holes and the inbuilt electric field pushes electrons and holes to the n and
p-side respectively. The cycle is over when electrons on the n-side pass through the
external circuit to fill the holes at the p-side.”
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Besides the high efficiency, silicon solar cells have a long durability (almost 20-25
years) and the installation cost is low, but the manufacturing process is complex and
quite expensive because the construction of the cell requires a relatively high
amount of extra-pure silicon. Furthermore, Si-cells are appropriate for wide
installations in desert places, but their integration in buildings and cities is less
straightforward, being hindered by their thickness, low flexibility and unsightly look.

1.2.2. Thin-film solar cells

Thin-film solar cells are made by coating one or more thin layers of photovoltaic
material on a substrate, such as glass, plastic or metal. Film thickness can vary from a
few nanometres to tens of micrometres, making such devices much thinner than the
first-generation crystalline silicon solar cells. As a consequence, thin-film cells are
flexible, lighter, and have less drag or friction. For these reasons they can be used
in building-integrated photovoltaics (BIPV) to replace conventional building materials
such as the roof, skylights, or facades.” Thin-film technology reduces the amount of
active material in comparison with silicon-based cells, so the manufacturing process
is easier and cheaper. Their working principle is also based on a p-n junction, with
cadmium sulfide (CdS) as n-side and different photovoltaic materials as light-
harvesting p-side. The principal classes of thin-film cells are the following:

i.  Amorphous silicon:™ it is the most well-developed thin-film technology to-
date. The amount of silicon required for these cells is lower than traditional
silicon-based cells and manufacturing is more economic and easier, but
efficiencies are still low (12-14%).

ii. Cadmium telluride (CdTe):™ CdTe is the only thin film material which could
rival crystalline silicon in terms of cost/watt ratio. CdTe has lower production
costs and higher efficiencies (20-21% for lab cells, 16-17% for modules) than
amorphous silicon, but tellurium supplies are limited and cadmium is highly
toxic, so disposal of such a cell at the end of its life cycle could be very hard.

iii. Copper indium gallium selenide (CIGS):* this material has an extremely high
absorption coefficient, so CIGS films can be much thinner than other
semiconductors. High efficiencies of 20-21% are obtained for lab cells and
beyond 15% for modules, while costs are analogous to monocrystalline
silicon, but the use of toxic and rare elements such as indium and gallium
produces not negligible environmental problems.
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iv.  Copper zinc tin sulfide and selenide (CZTSSe):" this material, also known as
kesterite, could be an attracting alternative to CIGS because it is made from
non-toxic, earth-abundant and low-cost materials, but its efficiencies (up to
11-12%) are still much lower than those obtained by CIGS.

V. Gallium arsenide (GaAs):*® although GaAs cells are very expensive, they hold
the world's record in efficiency for asingle-junction solar cell at 28.8%.
Because of the high cost, GaAs is mostly used for solar panels on spacecrafts.

Despite some evident qualities, market-share of thin-film cells never reached more
than 20 percent in the last two decades and has been declining in recent years to
about 9 percent of worldwide photovoltaic installation in 2013."

1.2.3. Emerging photovoltaics

Silicon-based and thin-film solar cells described in previous paragraphs are devices
containing a single p-n junction: for this reason, their maximum theoretical efficiency
cannot overcome the so-called Shockley-Queisser limit,”® which depends on the band
gap energy of the photovoltaic material inside the cell (31-41%).

Emerging photovoltaics are new generation solar cells which are potentially able to
overcome the Shockley-Queisser limit to achieve higher efficiencies, possibly with
lower costs. This goal can be pursued in two different ways, building multi-junction
solar cells containing multiple thin films of photovoltaic materials with different band
gap energy to absorb a broader range of wavelengths of solar spectrum (i) or
designing devices which exploit different mechanisms to convert solar energy in
electric current (ii).

Multi-junction solar cells (i) have obtained impressive results in terms of efficiency
and the world record of 46% has been achieved in 2014 with a four-junction cell
under a concentrator photovoltaic system,”’ but their very high cost of production
has limited, for the moment, their application to spacecrafts.

Other emerging photovoltaic devices with different working mechanisms (ii) are now
under study and, even if their efficiencies are still lower than silicon-based and thin-
film solar cells (Figure 1.5, orange lines), their extremely interesting electronic,
optical and technological features, as well as their low cost of production, identify
this new generation of solar cells as the most promising alternative for the future
world energy production. This class of emerging photovoltaics devices is
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characterized by the use of organic and hybrid materials and includes dye-sensitized
solar cells (DSSCs), perovskite solar cells, organic/polymer solar cells and quantum
dots.
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Figure 1.5. Efficiency chart for every solar cell technology. 2

Big attention was recently focused on perovskite solar cells,” because their
efficiencies rose from below 10%, as described in their first report in 2009, to over
20% in 2015, becoming a hot topic in the solar cells field. Perovskites for solar cell
applications are organometallic compounds containing halides of lead and
alkylammonium or formamidinium ions with the same crystalline structure of natural
perovskite (CaTiO3). These materials were initially used as sensitizers for traditional
DSSC cells, but their different working mechanism has allowed the development of
devices without a semiconducting metal oxide which is instead necessary for DSSCs
(see paragraph 1.3.1.2), achieving efficiencies beyond 20%.”* Despite these important
results, a possible large scale application of perovskites is hampered, for the
moment, by the use of toxic lead salts and their low long-term stability, due to fast
degradation in the presence of water.

Photovoltaic devices with low environmental impact, good stability and charming
electronic and optical properties are dye-sensitized solar cells, which are the subject
of this Ph.D. thesis and will be carefully described in next paragraphs.



Introduction

1.3. Dye-Sensitized Solar Cells (DSSCs)

Dye-sensitized solar cells have been described for the first time in 1991 by Gratzel
and O’Regan.” Unlike conventional PV cells, the working mechanism of a DSSC is
similar to natural photosynthesis: likewise the chlorophyll, which absorbs photons
but does not participate to the electron transfer, photoreceptor and charge carrier
are implemented by different components in DSSCs. This is contrary to conventional
PV cells where a semiconductor assumes both functions. This separation of functions
leads to lower purity demands on raw materials and consequently makes DSSCs a
lower-cost alternative to traditional PV cells. Moreover, even if the power conversion
efficiencies of DSSCs are still lower (max. efficiency 14.7% in laboratory tests)*® than
that of silicon-based and thin-film solar cells, DSSCs have many potential advantages
such as easy manufacturing, good performance under diffuse light and high
temperature, higher environmental compatibility compared with traditional
photovoltaic devices and huge flexibility in terms of shape, color and transparency.
All these features make DSSC as the most interesting photovoltaic technology for
integration of solar cells inside buildings and small electronic objects (decorative
solar lamps and chargers, flexible mobile phone chargers, solar bags, etc.).

1.3.1. DSSC components and working principle

There are five principal components inside the structure of a DSSC (Figure 1.6): a

conductive substrate (i), a semiconducting thin-film (ii), a photosensitizer (iii), an
6,27,28

electrolyte solution containing a redox couple (iv) and a counterelectrode (v).

1l — Electrolyte

Transparent conductive
oxide (TCO)

Platinum

Glass
Transparent conductive
oxide (TCO)

Figure 1.6. Schematic representation of a dye-sensitized solar cell.
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Figure 1.7. Photoelectrochemical processes inside a dye-sensitized solar cell.

Figure 1.7 summarizes the principal electrochemical reactions which enable the

" Initially, the photosensitizer absorbs solar light,

generation of electron current.
gathering the required energy to excite one electron from HOMO to LUMO (1). The
electron in the excited state has a short lifetime and can return to its fundamental
state by means of radiative processes or be transferred to the conduction band of
semiconductor (injection) (2), which is usually kinetically favored. Injected electrons
move through the conducting layer by diffusion, then pass through the external
circuit (3) to the counterelectrode and, here, the reduction of the redox shuttle
occurs (4). Finally, the oxidized dye is regenerated by reduction from the redox
couple (5); thus, the cycle is over with production of electric current and without any
permanent chemical modification. There are also some undesired reactions which
negatively affect the whole process reducing the electron flux through the external
circuit and the voltage between the two electrodes. The most relevant one is the
recombination of injected electrons in the conduction band of the semiconductor

both with redox shuttle ions (6) or with the oxidized dye (7).

1.3.1.1. Conducting substrate

The backbone of a DSSC is constituted by two glass electrodes coated with a
transparent conductive oxide (TCO), which is usually tin oxide doped with fluorine
(FTO) or indium-tin oxide (ITO). Recently some TCO-free alternatives, such as highly
conductive polymers® or colloidal graphite,* have been developed to get rid of the
expensive conductive oxides and replace the conventional glass with flexible plastic
substrates.

10
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1.3.1.2. Semiconducting thin-film

The most used semiconducting material is titanium dioxide (TiO,, also known as
titania), which is air-stable, nontoxic and commercially available at a low price.
Several crystal forms of TiO, occur naturally: rutile, anatase, and brookite. Although
rutile is the thermodynamically most stable form, anatase is the preferred structure
in DSSCs, because it has a larger bandgap (3.2 vs. 3.0 eV for rutile) and a higher
conduction band edge energy, E.. Titania is layered on the conducting substrate as a
mesoporous nanocrystalline thin-film: the most common technique to prepare TiO,
nanoparticles is the acid- or base-catalyzed hydrolysis of a titanium precursor such as
titanium (IV) alkoxide with an excess of water, followed by hydrothermal growth and
crystallization. Acid or basic hydrolysis gives materials of different shapes and
properties, while rate of hydrolysis, temperature and water content can be tuned to
produce particles of different sizes. The produced particles are formulated in a paste
with polymer additives and deposited onto conducting glass substrates using doctor
blading or screen printing techniques. Finally, the film is sintered at about 450 °C in
air to remove the organic components and to make electrical connection between
the nanoparticles. The porosity of the resulting mesoporous film can be controlled by
changing the amount of polymer in the paste. The average thickness of TiO, layer is
about 10 um, while TiO, nanoparticles diameter is in the range 10-30 nm. In several
cases, the mesoporous light absorption layer of TiO, is deposited between a 50 nm-
thick TiO, blocking layer,** which must prevent contact between the redox mediator
and the TCO, and a very thin light-scattering layer,>* with or without an overcoating
of TiO, on the whole structure, deposited by means of chemical bath deposition
using aqueous TiCl,.”?

A possible alternative to TiO, is zinc oxide (Zn0O).** The bandgap and conduction band
edge of ZnO is similar to that of titania, and ZnO even has a higher electron mobility
which should favor electron transport, but its chemical stability is poor compared
with that of TiO,. Solar cells with SnO,,** SrTiO; and Nb,Os*® as semiconductors have

been reported as well.

1.3.1.3. Photosensitizer

The photosensitizer or dye is an organic or organometallic molecule able to bind the
semiconductor, harvest solar light and transfer electrons to TiO,, initiating the
process of electric current generation. Anchoring of the dye to the semiconductor
occurs by dipping the glass electrode containing the semiconducting thin-film in a
solution of the photosensitizer in organic solvent for some hours: the system

11
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composed by substrate/semiconductor/dye is called photoanode. The principal
characteristics of the dyes will be fully described in paragraph 1.3.3.

1.3.1.4. Electrolyte solution

The space between the two electrodes is filled with an electrolyte, which can consist
of a solution or gel containing a redox couple, or a solid hole-conducting material.
The electrolyte is responsible for the inner charge carrier transport between
electrodes and continuously regenerates the dye and itself during DSSC operation.
The electrolyte must have long-term stability, including chemical, thermal, optical,
electrochemical and interfacial stability; moreover, it should not cause desorption
and degradation of the sensitizing dye and should not exhibit a significant absorption
in the range of visible light.

Regarding liquid electrolytes, they show several advantages such as easy preparation,
high conductivity, low viscosity and good interfacial wetting between electrolytes
and electrodes. Today, liquid electrolytes are still the most widely used transport
medium for DSSCs. The most used solvents are organic polar liquids like high-boiling
point nitriles (propionitrile, methoxyacetonitrile, 3-methoxyproprionitrile) and ionic
liquids, but simple water has been tested, too.” lodide/triiodide is the simplest and
most used redox couple because it has a suitable redox potential to provide a rapid
dye regeneration; moreover such couple has good solubility, high conductivity and
low cost, so it has been the preferred redox shuttle since the beginning of DSSC
development. A common I/l;-based electrolyte solution is prepared dissolving I, in a
proper solvent with an excess amount of an iodine-containing salt, such as Lil, Nal or
NH,4l. Many additives are often used to optimize the photovoltaic performance of
DSSCs: for instance, 4-tert-butylpyridine (TBP)*® was used for the first time as an
additive in the electrolyte, resulting in a significant improvement of the open circuit
potential of DSSC (see paragraph 1.3.2.3). Later, many nitrogen-containing
heterocycles have been studied as additives, exhibiting similar effects to TBP.
Another class of frequently used additives contains specific cations, such as lithium
ions (Li*) or guanidinium ions [C(NH,);'],* which should cause a shift of the
conduction band edge of TiO, toward lower energies, resulting in an increase of the
electron injection yield and electron lifetime.*

Though the 17/I5” redox couple shows remarkable performance in DSSCs, there are
several negative features limiting its further application: (i) iodine is extremely
corrosive to many sealing materials, especially metals, causing difficult assembling

12
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and sealing for large-area DSSC and poor long-term stability;" (ii) iodine has a
relatively high vapor pressure, which makes it efficient device encapsulation
challenging; (iii) the I3~ ion absorbs part of the visible light, lowering the conversion
efficiency of the devices.” Some halogen- or pseudohalogen-based alternatives, such
as Br7/Br;,* SCN"/(SCN);~ and SeCN7/(SeCN);”,* have been tested, exhibiting very
good values of efficiency, but their poor stability limited the development of DSSCs

based on them. Otherwise, metallorganic [Co]*"**

complexes have aroused great
interest as iodine-free redox mediators because they are nonvolatile, noncorrosive,
light-colored and have tunable potential through modification of the ligands.*” Right
now, Co-complex mediators are the most efficient redox couples for DSSCs, as
demonstrated by the highest efficiency of more than 14% obtained for traditional
devices.” Other metal complexes and clusters, such as Ni(lll)/Ni(1V), Cu(l)/Cu(ll),

Mn(I11)/Mn(IV) and ferrocene/ferricenium (Fc/Fc*), have also been investigated.*

In the assembling of large area DSSCs liquid electrolytes have shown some drawbacks
mainly due to the leakage and volatilization of solvent and the significant dissociation
of the adsorbed dye, electrode and sealing materials, which causes loss of the cell
efficiency in a long term period. For these reasons some alternatives have been
investigated, such as (i) quasi-solid-state electrolytes,* which are macromolecular or
supramolecular nano-aggregate systems, characterized by a remarkable ionic
conductivity and both the cohesive property of solid and the diffusive property of
liquid, and (ii) solid-state transport materials,* including ionic conductors, inorganic
hole-transport salts and oxides and organic hole-transport polymers.

1.3.1.5. Counterelectrode

The most common counterelectrodes for DSSCs with iodide/triiodide electrolytes can
be prepared by deposition of a thin catalytic layer of platinum onto a conductive
substrate. Pt is able to catalyze the reduction of the redox couple and reduce the
charge transfer resistances to less than 1 Q cm? Pt films can be deposited using a
range of methods such as electrodeposition, spray pyrolysis, sputtering, and vapor
deposition. Because of the high cost of platinum, the investigation of Pt-free
counterelectrodes is very active and many materials, such as mixtures of graphite
and carbon black,* carbon nanotubes,”® conducting polymers> and cobalt sulfide>
have been tested.
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1.3.2. Photovoltaic parameters and DSSC characterization

The photovoltaic performances of DSSCs are mainly evaluated by some conventional
parameters which allow the comparison between different cells. These parameters

will be fully described in next paragraphs.*”

1.3.2.1. Incident Photon-to-Current Conversion Efficiency
(IPCE)

The IPCE parameter is defined as the ratio between the number of electrons flowing
through the external circuit and the number of incident photons and is represented
by equation (1).

1240 (eV nm) Jpp, (MA cm™2)
A (nm)/1 (mW cm=2)

IPCE (%) = (1)

A and | are the wavelength and the intensity of the monochromatic light which
generates the short-circuit photocurrent density, J,n. A plot of IPCE vs. excitation
wavelength is named IPCE spectrum and is very useful for the evaluation of a new
sensitizer for DSSCs.

IPCE can also be expressed as the product of four factors, as represented in equation

(2):
IPCE (/1) = LHE (A) X q)inj (A) X q)reg X Ncc (’1) (2)

LHE (A) is the light-harvesting efficiency for photons of wavelength A, ®;;,; and ©,, are
the quantum yields for electron injection and dye regeneration, respectively, and nec
is the charge collection efficiency. IPCE is therefore correlated to the absorption
properties of the dye, the amount of adsorbed dye on TiO, electrode and all electron
transfer processes from the dye to the external circuit. The maximum IPCEs for DSSCs
lie in the 80—85% range; they do not reach 100% experimentally because of reflection
and absorption losses (10-15%) due to the conductive glass.

1.3.2.2. Photocurrent/voltage (J/V) curves

The photovoltaic performance of a DSSC can be easily evaluated by means of the
measurement of the J/V curves (Figure 1.8) under standard AM 1.5 simulated
sunlight (100 mW cm™). The key-parametres which are typically extracted by J/V
curves are open-circuit voltage (V,.), short-circuit photocurrent density (Js), fill factor
(ff) and solar energy-to-electricity conversion yield (n).
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Figure 1.8. Typical J/V curve of a pssc.”

1.3.2.3. Open-circuit voltage (Vo)

The V.. parameter is the difference in electric potential between the two electrodes
of a cell under illumination when the circuit is open. V,. can be mathematically
expressed by equation (3):

E¢
Voc = EFr — Eredox where Ep = _b + l ( ) (3)

e is the elementary charge, kz is the Boltzmann constant, T is the absolute
temperature, Ey, is the energy level of the conduction band of TiO,, n is the density of
conduction band electrons in TiO,, Ng, is the effective density of conduction band
states and E,.qox iS the redox potential of the redox couple. E; is the Fermi level at the
equilibrium and its value is set by the conduction band energy (Es) of the TiO,, but
depends also on the electron density (n) in the conduction band of the
semiconductor; n is intimately connected with the electron injection and
recombination kinetics and, accordingly, with the dye properties. Therefore, the
maximum V. value is the difference between the Fermi level (-0.5 to —0.4 V vs. NHE)
at the equilibrium and the redox potential of the electrolyte: if the redox couple is
I7/15" (Eredox = 0.4 V vs. NHE), V. is theoretically in the 0.8-0.9 V range, but electron
recombination [reaction (6) and (7), Figure 1.7] usually reduces this value.

Ve can be slightly modified adding some additives to the electrolyte because E, is
dependent on the molecular dipole at the TiO,/dye interface: a dipole moment
pointing away from the TiO, surface shifts the conduction band of TiO, to more
negative values, leading to an increase in V... This is the effect generated by adding
4-tert-butylpyridine (TBP) to the electrolyte mixture (see paragraph 1.3.1.4) since TBP
adsorbed on the TiO, surface is supposed to induce a negative shift of the E, of TiO,.
Moreover, adsorbed TBP prevents a direct contact between I3~ ions and the TiO,
surface, reducing the possibility of electron recombination. The total resulting effect
is an improved V. value.*®
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V. can be increased by replacing /15~ with redox couples with a more positive Eegox
such as Br/Br;” (1.1 V vs. NHE) or cobalt complexes [e.g. Co""tris(bipyridyl): 0.56 V
vs. NHE].

1.3.2.4. Short-circuit photocurrent density (Jsc)

The Ji. value is the photocurrent per unit area (mA cm™®) when a DSSC under
irradiation is short-circuited, that is when electrical impedance and difference in
electric potential are next to zero. J is the maximum value of photocurrent density
produced by an ideal cell under irradiation. This value is intimately connected with
the interaction between dye and TiO, and depends on light-absorption capability of
the dye, electron-injection efficiency from dye to the conduction band of TiO, and
dye-regeneration efficiency. An increase in J;. can be achieved through fine design of
the structure of the dyes and consequent proper modification of their photo-
electrochemical properties.

1.3.2.5.  Fill factor (ff)

Fill factor is defined as the ratio between the maximum power output (Ji,Vimp) and
the product of J,. and V. (eq. 4).

Jmp Vm

= vee @

ff is determined from the J/V curve and is an indication of how much of the area of
the rectangle for J, V. is filled by that described by J,,Vm, (Figure 1.8). Thus,
maximum ff is equal to unity. In a real cell, power is dissipated through the resistance
of the contacts and during charge transport (equivalent to a resistance in series, Ry),
and through leakage currents, such as recombination and dark current (equivalent to
a resistance in parallel, Ry,). When R; is higher than zero and Ry, is not infinite, fill
factor is in the 0—1 range and the photovoltaic performance of the cell is reduced.
Careful fabrication of the device is important to minimize the charge transport
resistance and minimize leakage currents.

1.3.2.6. Solar energy-to-electricity conversion efficiency (n)

The n value is defined as the ratio between the maximum output electrical power of
a DSSC and the energy of incident sunlight (lo, generally 100 mW cm™). Equation (5)
collects all the photovoltaic parameters (V. Js, ff) previously described.

Isc (mA Cm_z) Voc V) ff
Iy (MW cm~=2)

n (%) = (5)
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High n values are obtained by optimization of the J, V., and ff values of the cell.
Every component inside the structure of a DSSC is important, but the molecular
design of sensitizers is crucial to increase the n value dramatically. Therefore it is
important to modify the structures of known dyes to optimize the photophysical and
electrochemical properties of the dyes themselves and control their molecular
orientation and arrangement on semiconductor surface.

In the next paragraphs, structures and properties of the most important classes of
sensitizers will be described.

1.3.3. Sensitizers

Starting from 1991, when Gratzel and O’Regan published their first paper on DSSCs,”

thousands of different sensitizers have been tested, but the synthesis of new dyes for

DSSCs is nevertheless still a very important research field because of the crucial role

they play within the working mechanism of DSSCs. A good sensitizer must own some

essential properties, which can be described as follows:**"****

I.  The absorption spectrum of the dye must cover the visible and near-infrared
region of the solar spectrum as much as possible, and the dyes must have
high molar absorption coefficients to achieve a high light-harvesting
efficiency.

Il.  The dye must have at least one anchoring group to form a strong linkage to
the TiO, electrode, decrease the interface resistance and secure stable
bonding for a long time.

Il Energy levels of the frontier molecular orbitals of the dye must match with
those of the semiconductor and the electrolyte (Figure 1.7). The energy level
of the lowest unoccupied molecular orbital (LUMO) must be higher (more
negative) than the conduction band edge of the TiO, electrode to achieve
good electron injection from the excited dye. On the other hand, the energy
level of the highest occupied molecular orbital (HOMO) must be lower (more
positive) than the redox potential of redox couple to achieve efficient
regeneration of the oxidized dye.

V. Aggregation of the dye on the TiO, surface should be avoided because it
reduces the electron-injection efficiency owing to intermolecular energy
transfer. A precise optimization of the structure of the dye and addition of
additives can minimize these aggregation phenomena.
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V. High thermal, photo- and electrochemical stability of the dye is requested to
achieve durable DSSCs.

Three different classes of dyes for DSSC have been studied so far and their main
properties will be described in next paragraphs.

1.3.3.1. Transition metal complexes

The first transition metal complexes which have been studied as sensitizers for DSSCs
are ruthenium-based complexes. They have a wide absorption spectrum of visible
light, owing to the metal-to-ligand charge transfer (MLCT) process, energy levels
which match well with those of TiO, and the I7/l;” redox couple, a relatively long
excited-state lifetime and a good chemical and electrochemical stability. Ligands,
typically bipyridines or terpyridines containing carboxylic acids as anchoring groups,
can be tuned by different substituents to change the photophysical and
electrochemical properties of the complexes and thus improve the photovoltaic
performances of the cells. Indeed, after their first report in 1991,” Gratzel and co-
workers published a series of Ru-complexes which exhibited outstanding properties
(Figure 1.9). N3 dye,” bearing two carboxylated bipyridines and two thiocyanate
groups as ligands, has been the first one which showed a broad visible light
absorption spectrum, good anchoring to the TiO, electrode, an IPCE spectrum
extending to 800 nm and an efficiency (n) of 10%.
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/N\F‘z P /N\Fle Nz
u u
:N/‘\N R :N/|\N N
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& G
s §
N3 N719 N749 ("black dye")

Figure 1.9. Structures of first Ru-based sensitizers.

Starting from the structure of N3, analogous results were obtained by deprotonation
of the most acidic carboxylic residues (N719)* or replacement of the ligands (black
dye)’’: N719 showed an higher power conversion efficiency (11%) than N3 thanks to
the shift of reduction and oxidation potentials to more negative values, while black
dye extended the IPCE spectrum into the near-IR region up to 920 nm, achieving
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10.4% efficiency. N3, N719 and black dye are still considered as reference dyes for
DSSCs.

In order to increase the molar extinction coefficient, suppress dye aggregation on the
semiconductor and optimize the redox potential of the sensitizer, many
modifications on the structures of ligands have been carried out (Figure 1.10), such
as introduction of alkyl chains,® vinyl groups,® donor groups,® thiophenes,®
EDOTs,* carbazoles® and other heterocycles or combinations of these elements,*
achieving power efficiencies similar or higher than N3.

=““\/©? @ gﬂ\
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Figure 1.10. Some modifications of N3 skeleton.
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Substitution of isothiocyanate ligands has been investigated too, because they seem
to be the weakest part of Ru-complex from a chemical stability point of view: for
example, cyclometalated ruthenium complexes have been tested achieving a
remarkable efficiency of 10.1%.%

Despite the above-mentioned high power conversion efficiencies, Ru-based
complexes have some drawbacks, such as low abundance, high cost and toxicity of
the metal center. Some alternatives to ruthenium have been investigated: osmium
() polypyridines have a broader MLCT absorption band than Ru-containing
analogues and extended IPCE spectra up to 1100 nm, but lower photocurrent
efficiency. ® Square-planar platinum () complexes containing thiols and
polypyridines or phenanthrolines as ligands have absorption spectra which cover the
entire visible spectrum of solar light, but cell efficiencies were never superior to 3%.%’
Cyclometalated iridium (lll) complexes allow faster electron transfer between
oxidized dye and redox couple compared to Ru-complexes, but a low V.. limit the
overall power conversion efficiency to 2.9%.” Similar results have been obtained
with copper (1)** complexes, while rhenium (1),” iron (11)"* and nickel (11)’* sensitizers
recorded even lower efficiencies.
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1.3.3.2. Porphyrins and phthalocyanines

Ruthenium complexes exhibit high power conversion efficiencies, but have small
molar extinction coefficients and limited absorption in the near-infrared region of the
solar spectrum. Porphyrins, which play an important role in chlorophyll
photosynthesis, show very high absorption bands in the visible region of the solar
spectrum and efficient electron injection in the conduction band of TiO,,”® and so

could also be potential sensitizers for DSSCs.*”*

The first application of a porphyrin-
based dye for DSSC was reported in 1993 by Gritzel et al.,” who used copper as
metal center (1, Figure 1.11) obtaining IPCE values of 70-80% in the visible region and

a power conversion efficiency of 2.6%.

LD12 YD2

Figure 1.11. Some examples of porphyrins sensitizers.

Substitution of copper with zinc (Zn-1, Figure 1.11, n = 7.0%)” allowed a great
improvement of the efficiency, while introduction of ortho-alkoxyphenyl groups
(LD12, Figure 1.11, n = 7.43%)"” on the porphyrin core minimized the aggregation of
the dye on TiO, and retarded the charge recombination by a blocking effect.
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Push-pull type porphyrins have been widely investigated owing to their broad and
intense absorption spectral features as well as efficient electron injection due to
intramolecular charge transfer (ICT) character.”* Many porphyrins containing
different donor and acceptor groups have been synthesized: for example, YD2
(Figure 1.11, n = 11%), bearing a strong electron-donating diarylamino group at meso
position, has been the first porphyrin sensitizer with an n-value of more than 10%,”®
while 8-hydroxyquinoline,” salicylic acid® and tropolone®' have been tested as
anchoring groups instead of benzoic acid in order to improve cell stability and
electron injection to the TiO,.

Gritzel et al.®

have recently recorded the record power conversion efficiency of 13%
with a porphyrin dye employing SM315 (Figure 1.12) and a cobalt-based redox
shuttle: a fine optimization of the structure of the dye, with the introduction of bulky
chains in ortho-position and a benzodithiazole unit as a more strongly electron-
withdrawing group, ensured a very broad absorption of visible and near-infrared

solar light and minimized the aggregation of the dye on the TiO, electrode.
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Figure 1.12. Structure of SM315 and SM371 porphyrins dyes.

Phthalocyanines are synthetic analogues of porphyrins and, like them, possess an
extensively conjugated skeleton resulting in intense absorption of visible and near-
infrared light. For these reasons phthalocyanines have also been studied as

sensitizers for DSSCs.*®

The first examples of DSSCs containing phthalocyanines gave
poor results, with overall efficiencies below 1%,* probably because of a substantial

aggregation of the sensitizer on the TiO, electrode.

To overcome this drawback, chemical modifications of the phthalocyanine core have
been carried out, such as introduction of bulky aliphatic groups: TT1-based cells®
(Figure 1.13) recorded a promising efficiency of 3.5%, but only in the presence of
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chenodeoxycholic acid as a coadsorbent to prevent aggregation.* Bulkier groups are
necessary to suppress completely the m-stacking and minimize recombination by
blocking the interactions between the electrolyte and the aromatic surface of the
phthalocyanines. This purpose has been accomplished by introducing 2,6-
disubstituted phenoxy groups on the phthalocyanines skeleton: PcS18%” and TT40%**
(Figure 1.13) did not need any coadsorbent to prevent aggregation and recorded
extremely high efficiencies (5.9% and 6.49%, respectively) for phthalocyanines.

™

Figure 1.13. Some examples of phthalocyanines sensitizers.

Ru(ll), Ti(lV) and Si(lV) have been tested as alternative metal center for
phthalocyanines in order to take advantage of their ability to coordinate axial
substituents which could inhibit molecular aggregation and recombination.
Phthalocyanines containing Ru(ll)®* and Ti(IV)* yielded scarce results, while the
employment of Si(IV)* as metal center was more productive, giving cells with very
high short-circuit current density (= 19 mA cm™) and an overall efficiency of 4.5%.

1.3.3.3. Metal-free organic dyes

The last class of sensitizers includes organic dyes which do not contain any metal
cation. These compounds have attracted much interest as potential alternatives to
ruthenium-based sensitizers because they have much lower production costs and
environmental impact than Ru-complexes, their molar extinction coefficients are
usually higher and their photophysical and electrochemical properties can be easily
tuned by fine optimization of their structure. The most common design for an organic
dye presents a D-m-A structure (Figure 1.14), where donor (D) and acceptor (A)

6,53

groups are connected by a rt-conjugated spacer.”” The acceptor group has to anchor

the dye to the semiconductor too.
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Figure 1.14. Drawing of a D-n-A structure.

Thanks to the push-pull structure, the HOMO is mostly delocalized on the donor
group, while the LUMO is located on the acceptor moiety: when the dye absorbs
light, intramolecular charge transfer (ICT) occurs, through the m-spacer, from the
donor to the acceptor group, which is directly bound to the semiconductor layer. This
ICT process promotes a fast electron injection from the excited dye to the conduction
band of the TiO, and restricts recombination between the injected electron and the
oxidized dye. HOMO/LUMO energy levels, which must be matched to the conduction
band edge of the TiO, electrode and to the redox potential of the electrolyte (see
Paragraph 1.3.3.1ll), can be tuned by the expansion of n-spacer and the introduction
of stronger, or weaker, electron-donating and -accepting substituents. In the D-t-A
concept, introduction of a stronger electron-donating group will shift the HOMO level
to higher energy, while a stronger electron-withdrawing group will shift the LUMO to
lower energy: in this way, the HOMO-LUMO band gap can be easily decreased,
resulting in a red-shift of the absorption peaks.

The principal drawbacks of organic dyes are related to (i) the aggregation of the dyes
on the TiO, surface and (ii) the poor near-infrared light harvesting properties of most
dyes. In the first case, m-stacking between dye molecules reduces the electron-
injection yield from the dye to the conduction band of TiO, owing to intermolecular
energy transfer, although the introduction of sterically hindered substituents into the
planar structure of the dye and/or the use of chenodeoxycholic acid (CDCA) as a co-
adsorbent can minimize this effect.” In the latter case, the low light-harvesting
properties of a dye could be improved by extending m-conjugation or introducing
additional acceptor units inside the m-bridge (D-A-t-A structure).”

The main features of every portion of the dye are the following:***>**>
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Figure 1.15. Some examples of structures of donor groups.

Donor groups (Figure 1.15): the choice of an appropriate donor group affects
the HOMO energy level of the dye, the absorption properties of the molecule,
the dye aggregation and the charge recombination rate. Triphenylamine (d4) has
been the most widely used donor group because of its strong electron-donating
ability and hole-transport properties: its first application as donor group for a
DSSC dye goes back to 2004.” In the last years a large number of triarylamine-
based dyes has been synthesized which differ for the introduction of different
substituents in the 4,4’-positions, such as alkyl chains,” alkyloxy,” alkylthioxy™®

% gsroups or other aromatic and heteroaromatic rings (so-

102

and phenyldialkyloxy
or for the substitution of one or more benzene rings

10> Best
101

called starburst donors),
with other polycycles, such as naphthalene,'” fluorene™ and truxene.
triarylamine-based dyes as donor groups exhibited efficiencies up to 10.3%.
Replacing a triarylamine unit with an indoline (d2) shifts the absorption
spectrum of the dye to higher wavelengths owing to its more powerful electron-
donating capability.'” Moreover, indoline dyes are characterized by high molar
extinction coefficients and good stability. Recently, an impressive power
conversion efficiency of 10.65% has been obtained with a dye containing a
bulky-indoline moiety and a cobalt-based redox shuttle.*” Carbazoles (d3),
which are structurally similar to indolines, have also been employed as donor

108

groups in many DSSC-dyes.” Recently a DSSC containing a carbazole-based
sensitizer yielded the highest efficiency of 12.5%'” (14.3%°**'° by co-sensitizing
with a second dye) among the cells with metal-free dyes by using a cobalt-based
redox shuttle. Other donor groups which have been studied in last years are

coumarin (d1),""* phenothiazine (d5)*** and ullazine (d6).'*
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Figure 1.16. Some examples of structures of rt-spacers.

n-spacers (Figure 1.16): the first role of the conjugated bridge is the transfer of
electron density from the donor to the acceptor group, facilitating charge
separation upon excitation. However, fine tuning of the n-bridge allows also to
adjust the HOMO/LUMO energy levels, to extend light absorption to higher
wavelengths, to raise up molar extinction coefficients and to minimize dye
aggregation and recombination rate. Both electronrich and electronpoor units
have been employed in the m-bridge for all these purposes. Initially, dyes just
employed simple double or triple bonds and small aromatic or heteroaromatic
rings or combination of both of them (m1-4)'* as conjugated bridges, but the
light-harvesting properties of these dyes were not sufficient to achieve high
power conversion efficiencies, and so more complex structures have been
designed. The substitution of a simple thiophene (n3) with an

ethylenedioxythiophene (EDOT; n5) resulted in an higher efficiency of the cell
115

(5.2% vs. 7.3%) and a broader absorption spectrum. Polycyclic heteroaromatic

structures such as m7-9 and nt11-13 have found many applications as m-spacers
thanks to their conjugated planar structures, which enhance the light absorption
properties of the dye, and the presence of long alkyl chains which inhibit the

¢ Another powerful tool to

recombination and the aggregation on the TiO,.
increase dye performance is the incorporation of additional electron-
withdrawing groups in the bridging framework, getting a D-A-m-A type
structure.”® The additional unit is expected to act as electron trap to separate
charge and to facilitate migration to the final acceptor. Moreover, this
incorporation has often provided a better long term stability of the dye and a

downshift of the LUMO energy level, which means a more intense light
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absorption in the near-IR region of the spectrum. Some examples of additional
acceptor groups are benzannulated heterocycles, such as benzooxadiazole

(m16), ™" benzothiadiazole (m17), ™ benzotriazole (m18)'* and quinoxaline
! and isoindigo (n19).**

(m20),"*° diketopyrrolepyrrole (n15)
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Figure 1.17. Some examples of structures of acceptor/anchoring groups.

Acceptor/anchoring groups (Figure 1.17): these moieties must ensure (i) the

long term stability of the cell by a strong binding of the dye on the
semiconductor surface and (ii) a good electron injection from the chromophore
to the TiO, layer. The traditional anchors for DSSC dyes are cyanoacrylic (al) and
carboxylic_acids (a2), but al, which conjugates the electron-withdrawing

properties of the cyano group with the binding properties of the carboxylic

moiety, is by far the most used one.*'**

Cyanoacrylic acids ensure good electron
injection and strong anchoring to the semiconductor by forming an ester linkage
with TiO,, so this moiety is always used as reference when a new anchoring
group for DSSC dye is tested. Nevertheless, the long term stability of the cells
can be compromised by cleavage of the cyanoacrylic moiety from the
semiconductor in the presence of water and bases. For this reason, many
potential alternative anchoring groups have been investigated in the last years
to ensure better long term stability as well as efficient electron injection.

Alkoxysilyl-anchors (a3),"*'*° phosphoric acids (a4),"** sulfonic acids (a5)'* and

hydroxamic acids (a6)'*® have been considered because of their structural

similarity to carboxylic acids. Even if the binding between these anchors and TiO,
is more stable and resistant to water than the corresponding carboxylates, only

1260 moieties recorded similar or even better

dyes containing a3 and a6
photovoltaic performances than al. Remarkably, test cells containing the
alkoxysilyl dye ADEKA-1 (Figure 1.18) have recently recorded the highest

efficiency of 12.5% among metal-free sensitizers by employing a large number of
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additives in the electrolyte solution with a cobalt-based redox shuttle and
treating the TiO, electrodes with TiCl, Al(O'Pr); and Mg(OEt), to prevent
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recombination reactions.” Higher efficiencies up to 14.3% were obtained

cosensitizing ADEKA-1 with a carboxy-anchor dye.”

K ADEKA-1

Figure 1.18. Structure of dye ADEKA-1.

A different type of anchor to TiO, is provided by pyridine (a7) and its derivatives
or analogues: unlike carboxylic acids, which have interactions with Brgnsted
basic sites of TiO,, pyridine can coordinate the Lewis acidic sites of the
semiconductor, leading to an efficient electron injection and a bathochromic

7 To obtain a

shift of light absorption when the dye is adsorbed onto TiO,.
stronger linkage with TiO,, pyridines substituted with cyano™® groups and
carboxylic acids,*® N-oxides (a8),"° pyrazines*** and pyridinium ions*** have been
investigated: even if the long term stability of dyes with these anchors is very
good, photovoltaic performances are often lower than the corresponding
carboxylates. A completely different way to inject electrons into TiO, can be
accomplished by using catechols (a10). The 1,2-dihydroxyl moiety of catechol
ensures a very strong bidentate linkage of the dye to the semiconductor which
provides a direct electron injection from the ground state of the dye to the CB of

TiO, upon photoexcitation.””*

Dyes containing catechol as anchoring group
belong to type-ll sensitizers and have been investigated for their extremely
strong linkage with the semiconductor, which provides an excellent long term
stability of the cell, and for the bathochromic shift of the light absorption
spectrum upon dye sensitization of TiO,. Unfortunately, photovoltaic
performances of catechol-based dyes have always been poor owing to the
strong recombination of injected electrons with the oxidized dye and the

electrolyte.”
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Application of organic synthesis has theoretically enabled the introduction of any
possible functional chemical group inside the structure of a sensitizer. Although a
huge research work has been already done in the last years, the search for new
structures is still very active, not only to surpass the current record efficiency,”® but
also to improve many other DSSC properties, like stability, transparency and color,
which are required for future commercial applications.
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As explained in the introduction, DSSCs are heterogeneous systems which contain
several components: each of them contributes to the overall efficiency of the solar
device. However, the sensitizer can be considered the heart of a DSSC since it is
directly responsible for the conversion of the solar energy in electric current. This
Ph.D. research work, fitting in this contest, has been focused on the design and
synthesis of new organic photosensitizers, which could be suitable to be employed in
DSSC devices and characterized by good photovoltaic performances. Indeed, it is
important to keep in mind that, in order to fulfill special requests from the market, to
overcome the current record efficiency must not be the only aim to pursue in
designing new dyes. Improvement of many other properties, like stability,
transparency and color, which are needful for future commercial applications, is
indeed also very important. For these reasons we decided to focus our work in the
screening of new structures which could be used as the central core of the dye, the
ni-spacer. This unit in fact might play a significant role to affect such properties since
it is responsible not only for the intramolecular charge transfer process upon
photoexcitation, but also for the light absorption properties of the dye and its long-
term stability.

In the first part of this work we have investigated the synthesis of new organic dyes
having a superior light-harvesting ability. This property is related to the possibility of
building transparent thin-layer DSSCs,'a kind of cells which can be used in the
context of building-integrated photovoltaics (BIPV).? Furthermore, dyes with such
features could find application for solid-state DSSCs.’ It is also important to keep in
mind that, in order to facilitate the large-scale commercialization of DSSC technology,
it is necessary to employ fabrication techniques as simple as possible. Indeed, the
application of surface treatments on both the conductive glass and the inorganic
semiconductor, the consecutive deposition of multiple TiO, layers of different
average particle size and shape,’ or the introduction of several additives and co-
adsorbents both in the sensitizing baths and cell electrolytes’ are usually required to
obtain high efficiencies. For these reasons we have selected our structures with the
aim to obtain new sensitizers able to give good photovoltaic efficiencies under
simplified conditions. This fact would allow to reduce the economic and
environmental costs of DSSCs,® thus helping to make this technology more
sustainable.

In the second part of this work we have focused on the synthesis of new dyes having
an appropriate chromophore able to extend the light absorption spectrum of the
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dyes in the red/near-infrared (NIR) region. First of all, the absorption of a greater
fraction of the incident light should correspond to an increase of the photocurrent
density (J) and, consequently, of the overall efficiency of the solar device.’
Moreover, dyes with such light-harvesting properties should show an unusual blue-
green color, a feature which is currently owned by few commercial sensitizers® and,
thus, highly requested.

Finally, in planning the synthesis of our target molecules we have always tried to
optimize the synthetic procedures employed in view of a possible scale—up.
Optimization of reaction conditions using sustainable procedure such as non
conventional MW activation and catalytic processes has been carried out when
possible.
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3.1. Introduction and background

The first spacer we decided to take into account was thiazolo[5,4-d]thiazole (TzTz —
Figure 3.1), a bicyclic system formally derived from the [3.3.0] fusion of two thiazole
rings. The first TzTz derivative (R = phenyl) was synthesized by Ephraim in 1891
through the condensation of benzaldehyde with dithiooxamide,® but a wrong
structure containing two four-membered rings was assigned to the product (Figure
3.1).

N S i S N i S
R 4 R ' R d R i R / R
4SIN/>~ RO ﬂ/f

Thiazolo[5,4-d]thiazole (TzTz) Ephraim's structure | Thieno[3,2-b]thiophene

Figure 3.1. General structure of the TzTz ring system (left), the structure assigned by Ephraim (center)
and its corresponding thiophene derivative (right).

Several years later, in 1960, Johnson and Ketcham established the right structure of
Ephraim’s condensation product through a series of spectroscopic and derivatization
studies and improved the original synthetic protocol preparing a wide range of diaryl-
analogues using different aromatic aldehydes.” After that, the number of studies
concerning the chemistry of thiazolothiazoles did not increase sensibly until 2000s,
when the TzTz ring system started to attract great interest in the field of organic
electronics due to its rigid and planar backbone, which could be easily included in an
extended m-conjugated electronic structure.’

Compared to the corresponding thiophene derivative, thieno[3,2-b]thiophene (Figure
3.1), the TzTz ring is more electron-deficient, due to the presence of the additional
nitrogen atoms, and therefore shows a superior oxidative stability, reflected in its
resistance to attack by nitric or sulfuric acid at room temperature, direct bromination
and Friedel-Crafts acylations.* Furthermore, TzTz-derivatives show strong m-Tt
stacking and overlapping of the orbitals in the solid state,’ often resulting in high
charge-carrier mobility, which is a crucial property for optoelectronic applications.®
As a consequence, interest in this class of compounds has grown dramatically in the
last decade, especially due to some early studies concerning their employment in
optoelectronic devices such as light-emitting diodes (OLEDs)” and organic field-effect
transistors (OFETs).*® Following these initial reports, an ever increasing number of
small molecules and polymeric materials incorporating the thiazolo[5,4-d]thiazole
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unit has been described in the literature®*® and application in various fields, including
photovoltaics, has been investigated.

Despite this large amount of work and the encouraging results obtained in the above-
mentioned fields, employment of thiazolo[5,4-d]thiazoles as photosensitizers for
DSSCs was not described. Therefore, we decided to prepare new organic dyes
containing this heterocyclic core, expecting a beneficial effect on the photophysical,
spectroscopic and stability properties of the final dyes. The first problem we had to
face was to find a general and efficient method to synthesize the thiazolo[5,4-
d]thiazole core.

Considering the large number of publications appeared in recent years, it was quite
surprising to ascertain the lack of a general and efficient synthetic procedure for the
preparation and functionalization of such molecules. Indeed, many of the papers
concerning the synthesis of thiazolothiazoles still applied the old procedure by
Ketcham,? which required to heat to reflux a mixture of dithiooxamide (2) and a
moderate-to-large excess of an aromatic aldehyde (4.0-13.0 eq.), either in solvent-
free conditions or in the presence of phenol as a high boiling point solvent (Scheme
3.1).

S ArCHO (4.0-13.0 eq.)
NH neat or PhOH }\l S
HZN)'KW 2 — A I PA
S 180-200 °C S N
5-90 min
2 3
14-78%

Scheme 3.1. Condensation of dithiooxamide (2) with aromatic aldehydes to give diaryl-thiazolo[5,4-
d]Jthiazoles (3).

Compounds 3 are usually insoluble solids, which can be recovered from the reaction
mixture by filtration and recrystallized from different solvents. Clearly, the reaction
conditions shown in Scheme 3.1 were quite harsh, requiring temperatures above 180
°C to start the condensation reaction; moreover a large amount of aldehyde was
often required and only few examples recorded yields over 60%. Finally, under these
conditions the conversion of aliphatic substrates was unsuccessful.

Indeed, following the first reports by Ketcham and co-workers,”* some later studies
slightly modified the original reaction conditions by changing solvent, temperature
and reaction time. For example, the condensation reaction between aromatic or
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heteroaromatic aldehydes and dithiooxamide (2) worked with moderate yields by
using N,N-dimethylformamide™ or o-dichlorobenzene® as solvents, although even in
this case heating at 150-160°C for several hours was necessary. Better results were
obtained by Pope et al.” by using nitrobenzene as solvent and heating at 130°C for
24 hours: under these conditions, a small series of thiazolo[5,4-d]thiazoles was
prepared in moderate to good yields, just using a stoichiometric amount of aromatic
and heteroaromatic aldehydes. Over time, some alternative procedures have been
described, but they usually consisted of two or more synthetic steps requiring the
use of non-commercially available starting materials, which limited their practical
application.” Therefore, the traditional procedure by Johnson and Ketcham?® and its
subsequent modifications were still the only methodology generally applied for the
preparation of aromatic thiazolo[5,4-d]thiazole-containing derivatives, although a
systematic study to find optimal and more general conditions was still necessary.

In search for new and more efficient reaction conditions, in a preliminary experiment
we observed that the yield of thiazolo[5,4-d]thiazole 3a could be significantly
enhanced if the reaction was carried out in solvent-free conditions, using four
equivalents of aldehyde 4a, under MW-irradiation (Scheme 3.2).

S

NH,
H13C5 H2N

MW, 180°C, 15" H,5Cgq

CeHis

4a 54% Ja

Scheme 3.2. MW-assisted synthesis of thiazolo[5,4-d]thiazole 3a.

The efficiency of the reaction was improved compared to the usual thermal
process;” moreover, the reaction time was notably shortened to just 15 minutes,
while the amount of byproducts at the end of reaction was reduced. Prompted by
this result and in consideration of the demonstrated utility of thiazolo[5,4-
d]thiazoles,® before approaching the synthesis of new thiazolothiazole-containing
dyes, we decided to study in more detail the effect of microwave activation in the
condensation of dithioxoamide (2) with aromatic and heteroaromatic aldehydes,
aiming to find a general and mild synthetic procedure.
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3.2. Results and discussion

3.2.1. Optimization of the reaction

The advent of microwave-assisted organic synthesis has contributed significantly to
the development of mild and sustainable procedures for the preparation of organic
compounds as it often leads to a remarkable decrease in reaction times and chemical
waste, an increase in yields and an easier product workup.™ This technique has found
useful application in the synthesis of heterocycles,” and this fact led us to think it
could also be exploited for thiazolothiazole synthesis. To optimize the reaction
conditions, 2-methoxybenzaldehyde (4b) was chosen as a model substrate (Table
3.1), because it is an inexpensive and commercially available reagent.

Table 3.1. Optimization of reaction conditions for the preparation of thiazolothiazole 3b from 2-
methoxybenzaldehyde (4b).

o) o

o s —0 NC cl al cl
MW NS
H NH

O™ + wdys 2 LT el o L L
o S SN o 0
| O—

4b 2 3b

DDQ Chloranil
Entry ab° T(°C) DDQ? Yield"
1 4.0 150 - 48%
2 4.0 150 0.25 61%
3 4.0 150 0.50 70%
4 4.0 150 0.50° 68%
5¢ 4.0 150 0.50 48%
6 3.0 150 0.75 61%
7 4.0 100 0.50 -
8 4.0 180 0.75 52%
9° 4.0 150 0.50 59%
10° 3.0 150 0.50 63%
11° 2.0 150 0.50 55%

® Equivalents used in the reaction relative to dithiooxamide. ® Yield of isolated compound. ¢ Chloranil
was used instead of DDQ as the oxidant. ¢ Reaction performed without MW activation. ¢ Nitrobenzene
(CgHsNO,) was used as the solvent.

Furthermore the corresponding condensation product, 2,5-bis(2-methoxyphenyl)-
thiazolo[5,4-d]-thiazole (3b), could be easily obtained in high purity by a simple
precipitation followed by recrystallization from chloroform or o-xylene. When a
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mixture of aldehyde 4b and dithiooxamide (2) (ratio 4b:2 = 4:1) was irradiated in a
MW reactor under solventless conditions at 150°C for 30 min, product 3b was
obtained in 48% yield after recrystallization (entry 1).

The aldehyde/dithiooxamide 4:1 ratio, instead of the stechiometric 2:1, was
necessary to achieve complete dissolution of dithiooxamide under solvent free
conditions. Such result was already comparable to that obtained with the classical
thermal procedure by employing a much larger amount of aldehyde 4b (47% yield,
8.0 eq.) at an higher temperature (T > 238°C, b.p. 4b).” However, analysis of the 'H-
NMR spectrum of the crude reaction mixture revealed the presence of a byproduct,
which was identified as the symmetrical compound 5 (Figure 3.2), based on the
assignment of the relevant spectral peaks.

O—
3b s
| OO
SN
3b -0
3 3b

-
—
=
g T
- n

N
[¢] S H
N
a%e2sY
H S a
\
5

Figure 3.2. H-NMR spectrum of crude reaction mixture containing product 3b and byproduct 5.

Formation of this byproduct can be explained by considering the reaction mechanism
as reported in Scheme 3.3: the reaction starts with the condensation between the
aldehyde and the first —NH, group of dithiooxamide (2), then proceeds with a
nucleophilic attack of a sulfur atom on the imine carbon to get the first five-
membered ring. After proton rearrangement, the same mechanism is repeated again
with the formation of the bicyclic structure, leading to a partially hydrogenated
intermediate. Finally, the latter has to undergo spontaneous dehydrogenation to give
final product 3; to carry out the last oxidation the reaction usually has to be
conducted under air.
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ﬂs/\' HN NG s HN_ g
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N Ar
i IO N
ArCHO ArCHO
H,0 -H,0
s ArCHO (4.0-13.0 eq.) Ar(‘N
neat or PhOH [ox]
H-N NHZ —_— Ar / I />—Ar I />—Ar
2 o />~Ar
s 180-200 °C Ar S
5-90 min
2 3
14-78%

Scheme 3.3. Reaction mechanism for the condensation of dithiooxamide (2) with aromatic aldehydes.

Compound 5, which could be obtained by double condensation of 2 with two
equivalents of 3b, is a likely intermediate in the cyclization pathway we have
depicted in Scheme 3.3;® similar products were already observed in the thermal
reaction of salicylaldehyde with dithiooxoamide by Ketcham?® and in that case authors
demonstrated that they could be converted to the desired product by heating at
250-270°C, with or without addition of a mild oxidant like sulfur.

Since the last dehydrogenation step is irreversible and affects all the equilibria
towards the formation of product 3, we supposed that the presence of intermediate
5 could be due to an inefficient dehydrogenation step, despite the high temperature
and the presence of air. Therefore, we assumed that the yield of our reaction could
be further improved by addition of an oxidant, in order to facilitate the last
dehydrogenation step and achieve full conversion of the intermediates to product
3b. Indeed, when the crude mixture was directly dissolved in THF and reacted with
0.25 eq. of a dehydrogenating reagent such as DDQ (Table 1, entry 2) at reflux for 10
min, the yield was improved to 61%. An increase of the amount of DDQ (0.5 eq.,
entry 3) led to a further enhancement to 70% (entry 3), while the employment of a
cheaper, structurally related oxidant such as chloranil gave practically the same result
(68%, entry 4). Importantly, a control test using conventional thermal heating under
the same conditions was carried out and a lower yield of the desired compound was
obtained (48%, entry 5), showing that MW activation is beneficial for the reaction
outcome. Finally, a reasonable yield could still be obtained when lowering the
amount of aldehyde to 3.0 eq. (entry 6), while further experiments showed that
variation of the temperature (entries 7 and 8) or employment of a longer reaction
time were not beneficial in this case.
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Although these optimized conditions were better than any other alternative
procedure reported in the literature in terms of yield, time and temperature
required, our MW-activated reaction under solvent-free conditions could not be used
in the case of solid reaction partners or when a large excess of one reagent should be
avoided because of its high cost or complex preparation. For this reason, we decided
to investigate also the reaction outcome using nitrobenzene as the reaction medium,
a solvent previously employed in thermal procedures.”® The results obtained are
reported in Table 3.1. Unfortunately the reaction was less efficient if compared to
the solvent-free conditions (entry 9), but we could observe that, in the presence of a
solvent, it was possible to lower the amount of aldehyde maintaining a reasonable
yield of the product (2.0 eq., 55%, entry 11) even using a stoichiometric ratio, proving
these as the best conditions to be used with valuable or solid substrates.

3.2.2. Scope of the reaction

With two different sets of efficient reaction conditions in our hand, the scope of
these MW-assisted procedures was assessed by reacting a range of different
aldehydes both under solvent-free conditions (method A) and in solution (method B).

The results obtained are reported in Table 3.2, where they are compared with the
best results previously described in the literature for known compounds. The
expected products were obtained in good yields (up to 81%) and high purity in most
of the cases by employing two different methods. Solvent-free conditions (method A)
generally provided better results, except in the cases of products 3d,e (entries 3, 4).
The procedure was suitable both for substituted aromatic (entries 1-7) and
heteroaromatic (entries 8—13) aldehydes: in many examples higher yields than those
reported in the literature were obtained (up to 76%, entries 1, 3, 8, 9, 11), while in a
few cases our methodology afforded similar results to the literature (entries 5, 10),
even when using a smaller excess of aldehyde (entries 2, 4). The best result was
obtained with EDOT-aldehyde 4n, which gave the corresponding product in 81% yield
(entry 13). Unfortunately, a complete spectroscopic characterization of compounds
3g and 3h was hindered by their almost completely insolubility in a wide range of the
most common organic solvents (entries 6—7). Despite that, in the case of compound
3h, direct infusion mass spectrometry made its identification possible by detecting
the corresponding molecular peaks and showing the typical distribution pattern of a
tetrachloro-substituted compound.
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Table 3.2. Scope of MW activated condensation/oxidation sequence to thiazolo[5,4-d]thiazoles.

JOJ\ S
2
R™ "H 3

1) Method A or B
NH, )—.. R—

N

s
| >R
N

2) Chloranil (0.5 eq.) S
THF, reflux, 10'
4b-r 2 3b-r
Entry R Product | Method™® Isolated Lit. Yield (eq. of
Yield 4)
0,
1 2-CH;0-Ph (4b) 3b : gi; 47% (ref. 2) (8)
0
o)
2 Ph (4c) 3c : Zg; 78% (ref. 2) (10)
0
A 35% 35% (ref. 18)
3 2-Br-Ph (4d) 3d B 8% (10)
A 46% 52% (ref. 19)
4 4-tBu-Ph (4e) 3e B 17% (3.5)
0,
5 2-OH-Ph (4f) 3f : gg;’ 45% (ref. 18) (2)
0
6 3,5-Br,-Ph (4g) 3g B 69%" -
7 2,4-Cl,-Ph (4h) 3h B 72%° -
. . . A 72% 36% (ref. 11b)
8 2-Thienyl (4i) 3i B 29% 2)
9 2-Furyl (4j) 3j B 66% 40% (ref. 2) (13)
10 4-Pyridyl (4k) 3k B 66% 60% (ref. 13) (2)
11 2-Pyridyl (4l) 3l B 76% 60% (ref. 13) (2)
12 5-Thiazolyl (4m) 3m B 75% -
2-(3,4-
13 Ethylenedioxy) 3n B 81% -
thienyl (4n)
A 54%°
14 n-Hexyl (40) 30 B 20%° -
A 40%
15 Cyclohexyl (4p) 3p B 1% -
16 tert-Butyl (4q) 3q B 33%° -
(o)
17 Styryl (4r) 3r : g;‘: 7% (ref. 2) (9)

® Method A: aldehyde 4 (4.0 eq.), dithiooxamide 2 (1.0 eq.) MW, 150°C, 30’, neat. ° Method B: aldehyde
4 (2.0 eq.), dithiooxamide 2 (1.0 eq.), nitrobenzene, MW, 150°C, 30". © Due to the almost complete
insolubility in a wide range of organic solvents, full characterization was not possible. 4 purified by flash
column chromatography.

51




Chapter 3

On the other hand, in order to confirm indirectly the formation of compound 3g and
verify the possibility to do chemical transformations on such insoluble materials, we
decided to modify it by introducing some long alkyl chains. Therefore, the solid
obtained after crystallization was reacted with oct-1-yne under heterogeneous Pd-
catalyzed Sonogashira conditions,”® and the soluble tetraalkyl-substituted bisaryl-
thiazolothiazole 6 was isolated after flash column chromatography (Scheme 3.4).

Hy3Cg CeH13

oct-1-yne (10.0 eq.) \\ //

Br  PdCL(PPh,), (10 mol%)

I Cul (10 mol%) )JIS
y)
ElN 105 °C, 20h SN

V4 W

Hy3Ce 6 CeHy3

11%

Scheme 3.4. Elaboration of compound 3g by means of a Pd-catalyzed Sonogashira reaction.

It is noteworthy that, even working under substantially heterogeneous conditions,
this reaction allowed the formation of four new carbon—carbon bonds, albeit with a
low yield. Preparation of compound 6, besides proving the actual formation of 3g,
demonstrated the synthetic utility of the present procedure when starting from halo-
substituted aryl aldehydes.

Finally, we tested our optimized procedures with more challenging substrates such as
primary, secondary and tertiary aliphatic aldehydes 40—q, whose conversion was
usually unsuccessful under classic conditions.” The last dehydrogenation step is
actually less favored for aliphatic aldehydes than aromatic ones, because the final -
system is shorter and less stabilized, and consequently, the thermodynamic driving
force for the reaction is smaller. Indeed, to date, the preparation of only one
aliphatic product has been described.”*
aldol-type byproducts which can lower the reaction yield. Despite that, our MW-

Moreover enolizable aldehydes can afford

activated procedure allowed to overcome such disadvantages and aliphatic TzTz
derivatives could be prepared, albeit with moderate yields (33-54%, entries 14-16).
Unlike all the other TzTz-derivatives, compounds 30 and 3q were much more soluble
in common organic solvents and thus a flash column chromatography purification
was necessary to isolate pure compounds. Therefore, for the first time, it has been
possible to describe a synthetic procedure for the preparation of thiazolo[5,4-
d]thiazoles which is effective both on aromatic and aliphatic substrates. Finally, the
method found a limitation in the use of o,B-unsaturated aldehydes: when
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cinnamaldehyde 4r was subjected to the reaction conditions, the corresponding
product could be isolated only in very low yield (entry 17).

Interestingly, another research group recently tested a modification of this procedure
on three different aromatic aldehydes, replacing chloranil with Se0,:** even though
the yield of 3c was comparable to those obtained with our procedure, the use of
selenium dioxide, which is a more toxic reagent than chloranil, is neither profitable
nor advisable.

3.3. Experimental Section

3.3.1. General Procedure A

In a microwave vial equipped with a magnetic stirrer were introduced aldehyde 4 (8.0
mmol, 4.0 eq.) and dithiooxamide 2 (2.0 mmol, 1.0 eq.). The resulting mixture was
heated under microwave irradiation at 150 °C for 30 min, then allowed to cool down
to room temperature. The reaction mixture was diluted with THF (ca. 5 mL) and
transferred in a flask, then chloranil (1.0 mmol, 0.5 eq.) was added to the reaction
mixture, which was heated to reflux and stirred for 10 min. After this time heating
was interrupted and methanol (ca. 10 mL) was added. After cooling down to 0 °C a
precipitated was formed. The solid was filtered and washed with methanol, then
recrystallized from THF to give pure thiazolo[5,4-d]thiazoles 3.

3.3.2. General Procedure B

In a microwave vial equipped with a magnetic stirrer were placed aldehyde 4 (2.0
mmol, 2.0 eq.), dithiooxamide 2 (1.0 mmol, 1.0 eq.) and nitrobenzene (1 mL). The
resulting mixture was heated under microwave irradiation at 150 °C for 30 min, after
which it was allowed to cool down to room temperature. THF (ca. 5 mL) and chloranil
(0.5 mmol, 0.5 eq.) were added to the reaction mixture, which was transferred to a
flask, heated to reflux and stirred for 10 min. After this time heating was interrupted
and methanol (ca. 10 mL) was added to the reaction mixture, which was cooled down
to 0 °C. The resulting solid was filtered, washed with methanol and recrystallized
from THF to give pure thiazolo[5,4-d]thiazoles 3.
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2,5-Bis(2-methoxyphenyl)-thiazolo[5,4-d]thiazole (3b).’

—0
N S
74
Qﬁi&*@
O_
3b

Aldehyde 4b (1.09 g, 8.00 mmol) was reacted with dithiooxamide 2 (240 mg, 2.00
mmol) following general procedure A. After purification, compound 3b (482 mg, 68%
yield) was obtained as a pale brown solid.

(3b): mp = 260-261 °C (lit.2 253—254 °C). 'H-NMR (300 MHz, CDCl3): 6 =8.45 (dd, J =
7.9 and 1.7 Hz, 2H), 7.42 (td, J = 7.4 and 1.7 Hz, 2H), 7.12 (t, J = 8.2 Hz, 2H), 7.06 (d, J
= 8.3 Hz, 2H), 4.08 (s, 6H) ppm. C-NMR (100 MHz, CDCl): & = 163.5, 156.6, 152.1,
131.1, 128.6, 123.1, 121.4, 111.8, 55.9 ppm. IR (KBr): ¥ = 3078, 2832, 1582 cm™. ESI-
MS: m/z = 355 [M+H]".

2,5-Diphenylthiazolo[5,4-d]thiazole (3c).>

O~<0~0O

3c

Aldehyde 4c (849 mg, 8.00 mmol) was reacted with dithiooxamide 2 (240 mg, 2.00
mmol) following general procedure A. After purification, compound 3c (430 mg, 73%
yield) was obtained as a yellow solid.

(3c): mp = 196-198 °C (lit.2 209-210 °C). "H-NMR (300 MHz, CDCl5): § = 7.99-8.02 (m,
4H), 7.47-7.50 (m, 6H) ppm. *C-NMR (75 MHz, CDCl,): & = 169.3, 151.0, 134.1, 130.8,
129.3,126.5 ppm. IR (KBr): # = 3059, 1570 cm™. ESI-MS: m/z = 295 [M+H]".

2,5-Bis(2-bromophenyl)-thiazolo[5,4-d]thiazole (3d)."

Br
N S
O]
S N
Br 3d
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Aldehyde 4d (370 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,
compound 3d (262 mg, 58% yield) was obtained as a pale green solid.

(3d): mp = 228-229 °C. *H-NMR (300 MHz, CDCl;): & = 8.06 (dd, J = 8.0 and 1.6 Hz,
2H), 7.75 (dd, J = 8.0 and 1.2 Hz, 2H), 7.46 (td, J = 7.6 and 1.2 Hz, 2H), 7.33 (td, J = 8.0
and 1.6 Hz, 2H) ppm. BC-NMR (100 MHz, CDCls): 6 = 166.8, 151.9, 134.5, 134.4,
132.1, 131.3, 127.9, 121.7 ppm. IR (KBr): ¥ = 3055, 1570, 1026 cm™™. ESI-MS: m/z =
453 [M+H]".

2,5-Bis(4-tert-butylphenyl)-thiazolo[5,4-d]thiazole (3e)."
N S
7l
O~ T+
3e

Aldehyde 4e (324 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,

compound 3e (187 mg, 47%yield) was obtained as a pale yellow solid.

(3e): mp = 285-287 °C. *H-NMR (300MHz, CDCl3): & = 7.92 (d, J = 8.1Hz, 4H), 7.49 (d, J
= 8.4 Hz, 4H), 1.37 (s, 18H) ppm. *C-NMR (75 MHz, CDCl,): & = 169.1, 154.3, 150.7,
131.5, 126.3, 126.2, 35.1, 31.3 ppm. IR (KBr): ¥ = 3058, 2962, 1517 cm™. ESI-MS: m/z
= 407 [M+H]".

2,5-Bis(2-hydroxyphenyl)-thiazolo[5,4-d]thiazole (3f).*"*
HO
NS
agersy
o
OH af

Aldehyde 4f (977 mg, 8.00 mmol) was reacted with dithiooxamide 2 (240 mg, 2.00
mmol) following general procedure A. After purification, compound 3f (300 mg, 46%

yield) was obtained as a light brown solid.

(3f): mp = 303-305 °C (lit.2 300-302 °C). *H-NMR (300 MHz, CDCl3): & = 11.39 (s, 2H),
7.65 (d, J = 7.9 Hz, 2H), 7.38 (t, J = 8.3 Hz, 2H), 7.10 (d, J = 8.3 Hz, 2H), 6.98 (t, J = 8.1
Hz, 2H) ppm. C-NMR (75 MHz, pyridine-ds): & = 166.7, 157.2, 151.3, 132.2, 128.6,
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121.2, 120.4, 117.9 ppm. IR (KBr): ¥ = 3212, 3038, 1576 cm™. ESI-MS: m/z = 327
[M+H]".

2,5-Bis(3,5-dibromophenyl)-thiazolo[5,4-d]thiazole (3g).

Br Br
N S
¢l
O~
Br 39 Br
Aldehyde 4g (528 mg, 2.01 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,

compound 3g (419 mg, 69% vyield) was obtained as a pale brown solid, which was
insoluble in all the organic solvents tested.

(3g): IR (KBr): # = 3074, 1580, 1038 cm ™.

2,5-Bis(2,4-dichlorophenyl)-thiazolo[5,4-d]thiazole (3h).
Cl
N S
cl 7 >—OC|
X
Cl 3h

Aldehyde 4h (350 mg, 2.01 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,

compound 3h (311 mg, 72% yield) was obtained as a brown solid, which was
insoluble in all the organic solvents tested.

(3h): IR (KBr): ¥ = 3071, 1582, 1065 cm™. ESI-MS: m/z = 431 (75%), 433 [M+H]"
(100%), 435 (50%), 437 (11%), 439 (1%).

2,5-Bis(thiophen-2-yl)-thiazolo[5,4-d]thiazole (3i).**"

3i

Aldehyde 4i (897 mg, 8.01 mmol) was reacted with dithiooxamide 2 (240 mg, 2.00
mmol) following general procedure A. After purification, compound 3i (441 mg, 72%
yield) was obtained as a yellow solid.
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(3i): mp = 244-245 °C (lit.11a 246 °C). *H-NMR (400 MHz, CDCl3): & = 7.58 (dd, J = 3.7
and 1.1 Hz, 2H), 7.47 (dd, J = 5.0 and 1.1 Hz, 2H), 7.12 (dd, J = 5.0 and 3.7 Hz, 2H)
ppm. C-NMR (75 MHz, CDCly): & = 162.7, 149.9, 137.7, 128.8, 128.3, 126.9 ppm. IR
(KBr): ¥ = 3116, 1571 cm . ESI-MS: m/z = 307 [M+H]".

2,5-Bis(fur-2-yl)-thiazolo[5,4-d]thiazole (3j).>***

3j

Aldehyde 4j (192 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,
compound 3j (181 mg, 66% yield) was obtained as a dark green solid.

(3j): mp = >250 °C (dec.) (lit.2 238-240 °C). *H-NMR (300 MHz, CDCl5): & = 7.56 (d, J =
1.5 Hz, 2H), 7.08 (d, J = 3.3 Hz, 2H), 6.59 (dd, J = 3.6 and 2.1 Hz, 2H) ppm. *C-NMR (75
MHz, CDCl;): 6= 158.8, 150.7, 148.8, 144.4, 112.8, 110.3 ppm. IR (KBr): ¥ = 3111,
1497 cm™. ESI-MS: m/z = 275 [M+H]".

2,5-Bis(pyridine-4-yl)-thiazolo[5,4-d]thiazole (3k)."'“"
N S -
OO
_ SIN/ \ 7
3k

Aldehyde 4k (214 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,

compound 3k (196 mg, 66% yield) was obtained as a light brown solid.

(3k): mp = 301-304 °C (lit.13 300-302 °C). *H-NMR (300 MHz, CDCl;): & = 8.78 (d, J =
6.6 Hz, 4H), 7.87 (d, J = 6.9 Hz, 4H) ppm. *C-NMR (100 MHz, CDCl3): & = 167.6, 152.5,
151.0, 140.6, 120.2 ppm. IR (KBr): ¥ = 3038, 1596 cm™™. ESI-MS: m/z = 297 [M+H]".

2,5-Bis(pyridine-2-yl)-thiazolo[5,4-d]thiazole (3l)."**

3l
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Aldehyde 4l (214 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,
compound 3l (225 mg, 76% yield) was obtained as a brown solid.

(31): mp = 334-335 °C (lit.13 325-326 °C). *H-NMR (300 MHz, CDCl3): & = 8.66 (d, J =
4.5 Hz, 2H), 8.24 (d, J = 7.5 Hz, 2H), 7.85 (td, J = 7.7 and 1.7 Hz, 2H), 7.37 (dd, J = 7.5
and 4.8 Hz, 2H) ppm. C-NMR (75 MHz, CDCl): 6= 171.0, 153.4, 151.6, 149.8, 137.3,
125.2, 120.1 ppm. IR (KBr): ¥ = 3056, 1570 cm™™. ESI-MS: m/z = 297 [M+H]".

2,5-Bis(1,3-thiazol-5-yl)-thiazolo][5,4-d]thiazole (3m).

S N S
VaSWad
3m

Aldehyde 4m (226 mg, 2.00 mmol) was reacted with dithiooxamide (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,
compound 3m (231 mg, 75% yield) was obtained as a brown solid.

(3m): mp = 295-297 °C. *H-NMR (300 MHz, CDCl5): = 8.91 (s, 2H), 8.37 (s, 2H) ppm.
3C.NMR (100 MHz, CDCls): 6= 160.0, 155.2, 150.6, 142.5, 133.4 ppm. IR (KBr): ¥ =
3048, 1533 cm™. ESI-MS: m/z = 309 [M+H]". ESI-HRMS (ion trap): m/z calcd. for
C1oHsN,S, [M+1]" 308.9392. Found 308.9395.

2,5-Bis(2,3-dihydrothieno[3,4-b][1,4]-dioxin-5-yl)-thiazolo[5,4-d]thiazole(3n).

o/\o
S N S
=3 >—@
S~

k/o 3n

Aldehyde 4n (340 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. After purification,
compound 3n (341 mg, 81% yield) was obtained as a brown solid.

(3n): mp = >350 °C (dec.). 'H-NMR (400 MHz, DMSO-dg): 6= 6.94 (s, 2H), 4.50-4.53
(m, 4H), 4.33-4.36 (m, 4H) ppm. IR (KBr): ¥ = 3107, 2926, 1507, 1065 cm ™. ESI-MS:
m/z = 423 [M+H]". ESI-HRMS (ion trap) m/z calcd for C;gH1,04N,S, [M+1]" 422.9596.
Found 422.9596.
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Note: due to the low solubility of compound 3n in most organic solvents it was not
possible to record a suitable >C-NMR spectrum.

2,5-Dihexyl-thiazolo[5,4-d]thiazole (30).
Nw_-S
(Lo~ )
o~
3o

Aldehyde 40 (228 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) in 1.0 mL of nitrobenzene, following general procedure B. Purification by flash
column chromatography (SiO,; PE/Et,0 = 10/1) afforded compound 30 (124 mg, 40%
yield) as a pale yellow oil.

(30) "H-NMR (300 MHz, CDCly): & = 3.04 (t, J = 7.6 Hz, 4H), 1.82 (q, J = 7.4 Hz, 4H),
1.25-1.47 (m, 12H), 0.83-0.92 (m, 6H) ppm. BC-NMR (75 MHz, CDCl5): 6= 172.6,
148.4, 35.1, 31.6, 29.9, 28.8, 22.6, 14.2 ppm. IR (KBr): ¥ = 2927, 1467 cm. ESI-MS:
m/z = 311 [M+H]". ESI-HRMS (ion trap) m/z calcd for CigH,7N,S, [M+1]" 311.1610.
Found 311.1615.

2,5-Dicyclohexyl-thiazolo[5,4-d]thiazole (3p).
N S
O~ XL~
o
3p

Aldehyde 4p (897 mg, 8.01 mmol) was reacted with dithiooxamide 2 (240 mg, 2.00
mmol) following general procedure A. After purification, compound 3p (245 mg, 40%

yield) was obtained as a light brown solid.

(3p): mp = 140-141 °C. "H-NMR (300 MHz, CDCl;): 6= 3.03 (tt, J = 11.4 and 3.2 Hz,
2H), 2.14-2.19 (m, 4H), 1.84-1.89 (m, 4H), 1.72-1.77 (m, 2H), 1.52-1.66 (m, 4H),
1.26-1.47 (m, 6H) ppm. *C-NMR (75 MHz, CDCl,): & = 178.0, 148.0, 44.1, 33.6, 26.1,
25.9 ppm. IR (KBr): # = 2923, 1465 cm™". ESI-MS: m/z = 307 [M+H]". Anal. calcd for
Ci6H2:N,S;5: C, 62.70; H, 7.24; N, 9.14. Found: C, 62.94; H, 7.59; N, 9.13%.
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2,5-Di-t-butyl-thiazolo[5,4-d]thiazole (3q).
N S
4
<o+
3q

Aldehyde 4q (172 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) and 1.0 mL of nitrobenzene, following general procedure B. Purification by
flash chromatography (SiO,; PE/Et,0 = 10/1) afforded compound 3q (84 mg, 33%
yield) as a brown solid.

(3q): mp = 109-111 °C. 'H-NMR (300 MHz, CDCl;): & = 1.48 (s, 18H) ppm. *C-NMR (75
MHz, CDCl,): & = 182.4, 148.4, 39.0, 30.7 ppm. IR (KBr) # = 2961, 1484 cm™. ESI-MS:
m/z = 255 [M+H]". Anal. calcd for C;;H1N,S,: C, 56.65; H, 7.13; N, 11.01. Found: C,
56.33; H, 7.01; N, 10.64%.

2,5-Distyryl-thiazolo[5,4-d]thiazole (3r).

Q—\\_(N s
L)
3r

Aldehyde 4r (264 mg, 2.00 mmol) was reacted with dithiooxamide 2 (120 mg, 1.00
mmol) and 1.0 mL of nitrobenzene, following general procedure B. Compound 3r (31
mg, 9% yield) was obtained as a black solid.

(3r): mp = >260 °C (lit.2 242243 °C). "H-NMR (300 MHz, CDCl;): & = 7.55-7.58 (m,
4H), 7.49 (d, J = 16.2 Hz, 2H), 7.35-7.44 (m, 6H), 7.30 (d, J = 16.2 Hz, 2H); *C-NMR (75
MHz, CDCly): &= 168.3, 150.5, 135.5, 135.1, 129.5, 129.1, 127.4, 122.2 ppm. IR (KBr):
#=3057, 1653, 1570 cm™™. ESI-MS: m/z = 347 [M+H]".

2,5-Bis[3,5-di(oct-1-yn-1-yl)phenyl]-thiazolo[5,4-d]thiazole (6).

H13Ce CgHia
A V4
N S
LW
S N
Vi W
H13Ce 6 CgHia
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Compound 3g (110 mg, 0.18 mmol), was suspended in triethylamine (6.0 mL), and
reacted with oct-1-yne (199 mg, 1.80mmol), Cul (3.4mg, 0.018 mmol), and
Pd(PPh;),Cl, (13 mg, 0.018 mmol). The resulting slurry was heated to 105 °C and
stirred for 20 h, then it was cooled to room temperature. The reaction mixture was
filtered on a short pad of Celite® and the filter cake was washed several times with
CHClI;; the filtrate solution was washed with water (100 mL) and brine (100 mL) and
dried with Na,SO,. Evaporation gave a dark oil which was purified by flash column
chromatography (SiO,, PE/Et,0 = 98/2) to give, after further recrystallization from
AcOEt, pure compound 6 (15 mg, 11% yield) as a yellow sticky solid.

(6): "H-NMR (400 MHz, CDCly): 6= 7.90 (d, J = 1.4 Hz, 4H), 7.48 (s, 2H), 2.42 (t, J = 7.1
Hz, 8H), 1.55-1.65 (m, 8H), 1.46-1.49 (m, 8H), 1.31-1.36 (m, 16H), 0.92 (t, / = 6.9 Hz,
12H) ppm. BC-NMR (75 MHz, CDCly): 6= 168.2, 151.2, 136.5, 134.1, 128.4, 125.5,
92.4,79.3,315, 28.8, 28.7, 22.7, 19.6, 14.3 ppm. IR (KBr): ¥ = 2929, 2229, 1582, 1466
cm™t. ESI-MS: m/z = 727 [M+H]". ESI-HRMS (ion trap) m/z calcd for CusHsoN,S, [M+1]*
727.4114. Found 727.4113.
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4.1. Introduction and aim of the work

Once the procedure for the synthesis of the thiazolo[5,4-d]thiazole core was
optimized, we considered the design of some possible new structures of TzTz-dyes
for DSSC applications. In a previous study conducted in the laboratory where this
work was carried out, a new family of D-n-A dyes featuring different bis-thiazole
cores as m-conjugated spacers was prepared and tested,' and dye TTZ1 (Figure 4.1),
bearing a thiazolo[5,4-d]thiazole scaffold, was the best performing one, recording a
maximum efficiency (n) of 3.53% in the presence of chenodeoxycholic acid (CDCA) as

Q CgHy3
Vs o

s M
@N s '}I‘&{J W/
\ / S

/il
N

coadsorbent.

H13Cs
TTZ1

Figure 4.1. Structure of previously described TTZ1 dye.

TTZ1 exhibited a moderate absorption of solar light between 400 and 500 nm (A =
472 nm; € = 2.76 x 10* M cm™) with an offset around 550 nm, a reversible
electrochemical behavior and right redox potentials for electron injection in the TiO,
layer and regeneration from the electrolyte. Despite fair values of open-circuit
potential (V.. = 0.58-0.62 mV) and fill factor (ff = 0.72-0.74), a low short-circuit
photocurrent (J. = 5.48-6.42 mA cm™) did not allow to obtain higher efficiencies. The
major drawbacks of TTZ1, which could be responsible for its moderate efficiency,
were attributed to a limited light-harvesting ability, a poor solubility in the most
common organic solvents and a tendency to form aggregates on the surface of TiO,
layer, which was supported by the increased photocurrents observed when CDCA
was added as a coadsorbent.

Starting from these results, we designed a new series of thiazolothiazole-based dyes
(Figure 4.2) focusing, initially, on two main targets: increase their visible light
absorption and try to minimize the undesired m-stacking effects. The first
modification we decided to introduce was the substitution of the hexyl chains
present in TTZ1 with alkoxy substituents with the aim of reducing the aromatic
stabilization of the thiophene rings. Such substitution, having the effect to increase
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the HOMO energies of the new dyes, could cause a decrease of their HOMO-LUMO
gaps, thus inducing a red-shift of their absorption spectra.

R Hy4Cs CsHyy
(o] o]
\ NS 7'\ s o
D/ s /j_,{] NS Y o
s
W #J/
(o] (o]
Hy1C5CsHyy

Figure 4.2. Generic structure of new TzTz-based dyes.

Our first choice was that of introducing the 3,4-ethylendioxythiophene (EDOT, Figure
4.3a) moiety on the dye scaffold, since sensitizers bearing EDOTs have already shown
impressive performances in DSSCs.” However, the very low solubility of the
corresponding TzTz derivative® 3n (Figure 4.3b, see also Chapter 3, Table 3.2) in most
of the common organic solvents prompted us to find a more suitable alternative.

— b) o’ o  HinCsCsHi
o] O S N S ©
| 4 >—2\/|( o O
o Al .
_©

s
EDOT 3n bis-pentyl-ProDOT

a)

Figure 4.3. Structure of a) EDOT, b) TzTz compound 3n and c) bis-pentyl-ProDOT.

Therefore, we selected the structure of bis-pentylpropylenedioxythiophene (ProDOT,
Figure 4.3c)* which conjugates the attractive properties of EDOT with a higher
solubility, thanks to the presence of the two alkyl chains. Moreover, the presence of
a tetrahedral central carbon in the cycloheptane ring, on which many different
functional groups could be installed, enables the construction of three-dimensional
branched structures which might be effective to minimize the undesired m-stacking
effects. This would result not only in a reduction of dye aggregation on the surface of
the semiconductor, but also in the shielding of the TiO, layer from the electrolyte,
thus reducing charge recombination of injected electrons. Once the m-scaffold was
selected, we planned to introduce different donor groups in order to further
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modulate the electronic properties of the dyes and possibly enhance

photovoltaic performances.
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Figure 4.4. Structures of new TzTz-based dyes TTZ3-7

their

We designed five different molecules as reported in Figure 4.4. The terminal

triphenylamine group was decorated with hexyloxy- chains (TTZ4), in order to

increase its electron-donating character and get a further red-shift of the absorption

spectrum, but also with hexylthio- chains (TTZ5), as these substituents had been

reported to enhance dye-regeneration and increase the V.. value compared to their

oxygenated counterparts.” Moreover we planned to introduce an additional

electronrich EDOT ring in place of the terminal thiophene (TTZ6) and also to test a

different donor group, such as phenothiazine® (TTZ7).
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The selected structures TTZ3-7 were computationally analyzed in order to predict the
energies and shapes of their frontier molecular orbitals (FMOs) and the light-
absorption properties of the dyes. Then, the synthesis of the molecules was
the
electrochemical analysis and, finally, some test solar cells containing TTZ3-7 were

accomplished; dyes were characterized through spectroscopic and

built to assess their photovoltaic properties.

4.2, Results and discussion

4.2.1. Computational analysis

Before approaching the synthesis of TTZ3-7, a computational analysis which could
predict the absorption maxima of the dyes and the energy levels and shapes of their
HOMO and LUMO was performed. This was possible thank to a collaboration with Dr.
Adalgisa Sinicropi in Siena University who carried out all the theoretical calculations
reported in this work.

In the calculations, the alkyl chains present on the molecules were replaced by simple
methyl groups to reduce the computational burden, without affecting the length and
nature of the conjugate system. Initially, the selected structures having both ProDOT
rings in the most stable “chair” conformation were optimized in vacuo by means of
TD-DFT calculations, which were performed with the Gaussian09 program package,’
at the B3LYP/6-31G* level.’ The energy and the shape of the frontier molecular
orbitals (FMOs) were calculated.

o {107 La | 190 L+ | 108 Lt |18 L1 ey L+
-2,14 L+ | | { |
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-2.89 {E H ] H
_3_ H i
2 ] | 1956V | |
> 1 217 eV | 211eV | x 2.00 eV 2.18eV 2.09 eV
) | | ‘ '
2. <4
ui
) ; {assT—mwH i i
{assT—H | § = H -7 H | -2t —py
8 set—H | . Het 3
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1 545 ——H-1 | ; ‘ ;
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Figure 4.5. Computed (B3LYP/6-31G*) HOMO-LUMO energy gaps of compounds TTZ1 and TTZ3-7.
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Figure 4.6. Isodensity plots and computed energies for the frontier molecular orbitals of compounds
TTZ3-7 at the B3LYP/6-31G* level.
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LUMO
LUMO
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HOMO HOMO

HOMO-1

TTZ6 1727

Figure 4.6. (continued) Isodensity plots and computed energies for the frontier molecular orbitals of
compounds TTZ3-7 at the B3LYP/6-31G* level.

The HOMO/LUMO energy gaps, compared with those previously found for TTZ1 as a
reference,’ are reported in Figure 4.5, while the wavefunction plots of TTZ3-7 are
drawn in Figure 4.6.

All the TTZ3-7 dyes had smaller HOMO/LUMO energy gaps than TTZ1, which was
mostly due to the HOMO destabilization, as expected by the introduction of ProDOT
rings in place of simple thiophenes: this effect is particularly evident comparing the
energy gaps of TTZ1 and TTZ3 (2.17 eV vs. 2.11 eV). The introduction of hexyloxy-
chains in TTZ4 increased the electron-donating properties of the triphenylamine
group leading to a corresponding increase of the HOMO energy compared to TTZ3 (+
0.20 eV). Hexylthio- chains (TTZ5) had a similar, but smaller, effect on the HOMO
energy, resulting in a FMO gap of 2.00 eV. On the other hand, the introduction of a
more electronrich group in proximity of the electron-withdrawing moiety (TTZ6)
caused a destabilization of the LUMO orbital without affecting the HOMO and,
consequently, an increase of the HOMO/LUMO energy gap (2.18 eV), which is the
largest one in this series of structures. Finally, the substitution of triphenylamine with
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phenothiazine (TTZ7) did not alter significantly the FMO gap (2.09 eV). All the TzTz-
compounds had similar frontier orbital shapes (Figure 4.6): while the HOMO-1 was
distributed along the entire conjugated system, the HOMO and LUMO orbitals were
mostly localized on the donor and the acceptor moieties, respectively.

Table 4.1. CAMB3LYP/6-31G* absorption maxima (A,,,,), oscillator strengths (f), vertical excitation
energies (E.,.) and main electronic transitions for dyes TTZ1 (taken as a reference) and TTZ3-7 in THF.

Compound Ao [l f Eo [€V] Main transitions (%)
H-1>L 512
TT21° 482 2.45 2.57 H 9? 29.2
H L 42.0
1123 503 2.61 2.46 Hj S>L 382
H-1>L 47.4
TTZ24 507 2.67 2.45 H 9? 30.5
H-1>L 487
TZ5 504 2.66 2.46 H- ? 29.3
H L 47.0
1726 509 2.54 2.43 Hje L 366
H>L 454
TTZ7 501 2.59 2.47 Hje L 346

a) Values taken from ref. 1.

To learn more on the electronic transitions of the new organic sensitizers, the
absorption maxima (A.x), oscillator strengths (f) and vertical excitation energies (Ec,.)
in the most stable conformation were assessed by TD-DFT calculations in THF at the
CAM-B3LYP/6-31G* level’ (Table 4.1).

The computational results were in agreement with our expectations because the
predicted absorption maxima of all the dyes were higher than 500 nm and red-
shifted of 20-30 nm relative to TTZ1, while the higher oscillator strengths suggested
the possibility of more intense light absorption. Mixed HOMO-1 - LUMO and
HOMO - LUMO transitions characterized the excitation process in the visible region;
interestingly, although TTZ6 was the compound with the highest computed HOMO-
LUMO gap, the larger H=>L component in its excitation process caused a slightly red-
shifted absorption maximum, if compared to the other dyes.
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4.2.2. Synthesis of TTZ3-7 dyes

4.2.2.1. Retrosynthesis

All the TTZ3-7 dyes could be synthesized following the same retrosynthetic approach
depicted in Scheme 4.1 for TTZ3. Six steps are necessary to build the common -
scaffold 11, while donor and acceptor moieties can be introduced in three
subsequent steps. Introduction of the cyanoacrylic moiety can be performed by a
Knoevenagel reaction between cyanoacetic acid (8) and aldehyde 7, which is
obtained through two consecutive cross-coupling reactions using the proper
organometallic reagents 10 and 12. Accordingly, the donor group and a formyl-
thiophene are introduced, starting from the diiodide 11. Thus, all the structural
modifications which characterize every dye could be introduced starting from
common mt-scaffold 11, which in turn could be obtained by electrophilic iodination of
compound 13. The TzTz-scaffold of 13 is obtained starting from aldehyde 14 and
dithiooxamide (2) using our optimized condensation/oxidation sequence for the
synthesis of thiazolo[5,4-d]thiazoles® (see Chapter 3). Aldehyde 14 is then prepared
by formylation of ProDOT 15, obtained by transetherification of commercially
available 3,4-dimethoxythiophene 16 and diol 17. Finally, diol 17 is synthesized by
simple reduction of diester 18 and alkylation of diethylmalonate (19).

4.2.2.2. Synthesis of m-scaffold 11

According to the above analysis, aldehyde 14 was thus prepared following a four
steps procedure which had already been described in the literature'® (Scheme 4.2):

l. Alkylation of diethylmalonate (19) using 1-bromopentane as the electrophile
and sodium hydride as the base in anhydrous THF gave desired product 18,
which was purified by distillation.

1. Reduction of diester 18 with lithium aluminum hydride in anhydrous diethyl
ether gave the corresponding diol 17, which was used in the following step
without any further purification.

lll.  Transetherification between thiophene 16 and diol 17 was catalyzed by p-
toluenesulfonic acid and performed in toluene, using a Soxhlet apparatus
with activated molecular sieves (MS-4A) to remove the formed methanol.
This was necessary, in order to shift the equilibrium between the two ethers
15 and 16 towards the formation of ProDOT 15, which was purified by flash
column chromatography. The unreacted excess of diol 17 could be recovered
as well for later reuse.
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Scheme 4.1. Retrosynthesis of TTZ3 dye.
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V. Monolithiation of ProDOT 15 in 2-position was accomplished using n-
butyllithium in anhydrous THF. Subsequent formylation of the organolithium
derivative-with N,N-DMF as the electrophile gave aldehyde 14, which was
purified by flash column chromatography.

All these steps were high yielding and could be performed on multi-gram scale,
leading to the desired aldehyde in an overall yield of approximately 50%.

C.H,Br(3.0eq)

COOEt  NaH (3.0 eq) Hy:Cs CaHir,g LiAH, (1.5eq)  H11Cs CsHis
COOEt THF, A, 16h EtOOC COOEt ElQO, it, 20h OH OH
19 67% 18 96% 17
—0 O—
Hq,Cs CcH
H11C5C5H11 11~5 ~5M 11
2/ \g (05 eq.) ﬁ&\ 1) n-BuLi (1.3 eq.)
s” 16 THF, -78 °C, 2h
— > O o — ", 9 o
p-TsCH (5.0 mol%) T\ 2) N,N-DMF (2.0 eq.) /B o)
Toluene, A, 16h THF, rt, 16h s
H
94% 15 82% 14

Scheme 4.2. Synthesis of rt-scaffold 11.

Once aldehyde 14 had been obtained, our protocol for the synthesis of thiazolo[5,4-
d]thiazoles® was applied to the preparation of TzTz-derivative 13. Unfortunately, the
final product did not precipitate, as usual, from the reaction mixture (see Chapter 3)
thus requiring purification by flash column chromatography followed by washing
with methanol several times to completely remove nitrobenzene and obtain pure
thiazolothiazole 13 in 27% yield (Table 4.2, entry 1).

Clearly, the presence of the long alkyl chains on the ProDOT ring affected the
solubility of the final compounds making its purification more difficult. For this
reason, we decided to modify the reaction conditions using n-BuOH as the solvent™
since the latter could be more easily removed from the crude reaction mixture
compared to nitrobenzene. Due to the lower boiling point of n-BuOH, it was
necessary to reduce the reaction temperature to 120 °C and extend the reaction time
to 2.5 hours (entry 2). Under these conditions, desired product 13 was easily isolated
with an improved vyield of 42%. A control experiment carried out under thermal
heating (entry 3) proved also in this case the accelerating effect of microwaves, since
almost 24 hours were necessary to obtain the desired product with approximately
the same yield.
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Table 4.2. Optimization of the synthesis of TzTz-derivative 13.

S

Hy4Cg CsH

1;)54‘: "oy HQNJH(NHZ (0.5 eq.)

d0 I T %\I
J\ o 2) pChIoramI (0.5eq.)

H11Gs CSHH

s THF, A, 10'
H
14 H11Cscgh,, 13
Entry Solvent Heating | Time (h) Temperature (°C) Yield (%)
1 Nitrobenzene MW 0.5 150 27%
2 n-butanol MW 2.5 120 42%
3 n-butanol Thermal 24 120 41%

Electrophilic iodination of compound 13 was performed using N-iodosuccinimide in a
1/1 mixture of chloroform and acetic acid (Scheme 4.3). Diiodide 11, being insoluble,
precipitated from the reaction mixture, from which it was recovered in high yield

after washing with methanol and ethyl acetate.

Hi1Cscoh,,

H;i%:s"'ﬁ

o
S NS o NIS (2 5 eq.)
JySansal pﬂ: 4
o s—N s CHCI /ACOH
o) tt, 16h

HyCS 93% H”CS
CsHyy 13 CsHy 1
Scheme 4.3. lodination of TzTz-containing scaffold 13.
4.2.2.3. Insertion of donor groups

Diiodide 11 is the key intermediate of our synthetic strategy and was used as starting
material for the preparation of all TTZ3-7 dyes. The Suzuki-Miyaura cross-coupling
reaction was the procedure selected for the insertion of four different donor groups,
using boronic esters 21-23 and boronic acid 20 (Figure 4.7) as the organometallic
counterparts. Except for boronic acid 20, which is commercially available, reagents
21-23 had to be synthesized.
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Figure 4.7. Structures of boronic acid/esters 20-23 used for the Suzuki reaction.

4.2.2.3.1. Synthesis of boronic esters 21-23

Organoboron compound 21 was prepared using a slight modification of a previously
reported three-step sequence, which was necessary to assemble the triarylamine
scaffold and introduce the boronic ester function (Scheme 4.4)." The first step was
based on a Pd-catalyzed Buchwald-Hartwig reaction between 4-
bromohexyloxybenzene 24 and 4-aminohexyloxybenzene 25: the required catalytic
complex was formed in situ by using Pd,(dba); as a precatalyst and 1,1’-
bis(diphenylphosphino)ferrocene (dppf) as the ligand, while sodium tert-butoxide
was chosen as the base and anhydrous and degassed toluene as the solvent.” Under
these conditions compound 26 was obtained in high yield (84%).

CsH13 CGH13 Pd (dba)3 (2.0 mol%) O_CGH13 I_©2_78r (1.25eq.)

dppf (4.0 mol%)
+ 2osy +BUONa (20 eq) @ Pd,(dba), (0.5 mol%)
€q. ——————
Toluens, &, 2h o N dopf (0.75 mol%)
, g £BUONa (1.5 eq.)

84% H13Cs Toluene, A, 20h

24 25 73%

Je) 0.
Hy3Cs \©\ /@ CeHis

Pd(dppfCl, (10.0 mal%)

—_——
AcOK (3.0 eq.)
N,N-DMF, 80 °C, 16h
oo
Br 1%
28 21

Scheme 4.4. Synthesis of boronic ester 21.
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Very similar conditions were applied to react amine 26 and 1-bromo-4-iodobenzene
(27):* taking advantage of the different reactivity of the carbon-iodine and carbon-
bromine bonds, it was possible to isolate brominated triarylamine 28 in good vyield
(73%). Finally, the synthesis of the desired organoboron compound 21 was
accomplished applying Miyaura borylation reaction conditions. ** Using
bis(pinacolato)diboron as a borylating agent, Pd(dppf)Cl, as the catalyst, potassium
acetate as the base and anhydrous and degassed N,N-DMF as the solvent, boronic
ester 21 was prepared with a yield of 71%. The synthesis of compound 21 was
accomplished with an overall yield of 44%.

Boronic ester 22, bearing two hexylthio- chains, had already been synthesized by
Berlinguette et al.'® starting from 4-bromo-N-(4-bromophenyl)-N-phenylaniline, using
a three-steps synthesis with an overall yield of 10%. In order to increase the yield of
the desired product, we elaborated a different synthetic sequence, starting from 1-
bromo-4-iodobenzene (27) (Scheme 4.5).

C.H,.SH (1.2 eq.) Aniline (0.35 eq.) s s.
! Cul (9.0 mol%) 5-CeM3 py, (dba), (1.7 moi) Hi3Cé \©\ /O/ CeHi3
1,10-phenanthroline (9.0 mol%) dppf (3.3 mol%) N
—_— —_
Toluene, A, 16h t-BuONa (1.3 eq.) i

Toluene, A, 16h
Br

91% Br
30%
27 29 ’ 30
0 0 ] S.
s s eea L asen ™S Y
Hi3Cs \©\ /@’ CeHyz o) o} N
NBS (1.0 eq.) N Pd(dppf)C, (10.0 mol%)
_ = _ =
CHCI,, 1, 4h ACCK (3.0 eq.)
N,N-DMF, 80 °C, 16h B
98% o "o
Br 59%
31 22

Scheme 4.5. Synthesis of boronic ester 22.

The reaction conditions described by Venkataraman et al.’ for the synthesis of
thioethers were applied to accomplish a Ullmann-type reaction between compound
27 and 1-hexanethiol under catalysis of copper iodide and 1,10-phenanthroline. The
catalytic system was able to discriminate the two different carbon-halogen bonds of
27, producing 1-bromo-4-hexylthiobenzene (29) in a very high yield (91%). Using the
same Buchwald-Hartwig conditions described for the synthesis of compounds 26 and
28 (Scheme 4.4), triarylamine 30 was obtained in good yield and quantitatively
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halogenated with N-bromosuccinimide (NBS) to bromo-derivative 31. Finally, boronic
ester 22 was prepared applying the same experimental conditions used for the
synthesis of 21 (Scheme 4.4). The whole sequence allowed the preparation of ester
22 with an overall yield of 42%, which was a remarkable improvement if compared to
the previously reported procedure.'®

Finally, boronic ester 23 was previously unreported and was prepared employing the
synthetic procedure depicted in Scheme 4.6. This time, the usual Buchwald-Hartwig
conditions proved unsatisfactory when applied to the reaction between
phenothiazine (32) and 4-iodoanisole (33): indeed, in this case, after one night at
reflux in toluene, the reaction mixture still contained approximately half of the
starting material 32. However, a simple switch of the ligand from dppf to the more
hindered tri-tert-butylphosphine enabled the complete conversion of phenothiazine
(32) and the isolation of desired product 34 with a good yield (75%). The electrophilic
monobromination of 34 was initially performed using a stoichiometric amount of N-
bromosuccinimide or elemental bromine as brominating reagents: under these
conditions, an inseparable mixture of starting material 34, desired monobromide 35
and dibrominated product was always found.

O/ S
| Pd,(dba), (5.0 mol%) | . (085eq)
H P(t-Bu), (10.0 mol%) N Bry
t-BuONa (2.5 eq.) H

N . N
| + (1.5eq) I - >
s Toluene, A, 2h N CHCI/CH,CN
e 75% @: D "
S
32

o~ (15eq)

Pd(dppfCl, (10.0 mol%)
—_— N

AcOK (3.0 eq.)

N N,N-DMF, 80 °C, 16h @: :@\ o
| e
| s Br_| 43% (2 steps) 0‘5
25 23

Scheme 4.6. Synthesis of boronic ester 23.

Therefore, a different brominating reagent such as pyridinium bromide perbromide™®

(PBPB, Scheme 4.6) was employed: several different reaction conditions were tested
and, finally, we found that, using a sub-stoichiometric amount of PBPB, it was
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possible to obtain a composition of the crude mixture (35:34 = 3:1 molar ratio),
suitable to be used in the following borylation reaction. Using the already described
conditions (see Scheme 4.4 and Scheme 4.5) pure boronic ester 23 was isolated after
separation from unreacted 34 by flash column chromatography, with an overall yield
of 32%.

4.2.2.3.2. Introduction of the donor: first Suzuki-Miyaura
cross-coupling

As shown in Scheme 4.1, organoboron reagents 20-23 were reacted with diiodide 11
in order to insert the different donor moieties on the TzTz-scaffold (Scheme 4.7;
compounds 9, 36-38).

R Hﬁ Cs CsHyy
(@ or () 7/2_&
H1:§5§,H11 O\Lﬂi
o] @]
s R oc His
N | H C CeH 37 R=8CH,,
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\ /S
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H11Cs CsHyy 7/Z_S\
(@) 200r21(1.0eq.) (b) 22o0r23(1.0eq.) 38
Pd(PPh.), (10 mol%) Pd(dppf)Cl, (10 mol%)
Na,CO,,, (5.0 eq.) KF (5.0 eq.) H11Cs CsHyy
o Toluene/EtOH
Toluene, 100°C, 16 h 78°C. 5-16 h
_ 0,
18 - 29% 12 -18%

Scheme 4.7. Insertion of donor groups: Suzuki-Miyaura cross-coupling.

This Suzuki-Miyaura cross-coupling was indeed the most challenging step of the
whole synthetic procedure, since it implied the desymmetrization of the m-scaffold,
thus requiring a differentiation of two indistinguishable reactive sites. To achieve this
goal we had already observed" that the best choice was to use a stoichiometric
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amount of organoboron reagent and that the reaction progress had to be carefully
followed in order to stop the process before complete conversion of 11. In such a
way, it was possible to minimize the production of the undesired symmetrical
double-coupling product and to separate easily, by flash chromatography, the
coupling compound from the unreacted diiodide, leading to isolation of products 9
and 36-38 in 18-29% vyields. Although the yields of the desired products were not
very high, a not negligible amount of unreacted diiodide 11 was always recovered
after chromatographic purification and could be reused for further reactions.

Two different sets of reaction conditions were applied: in the case of reagents 20-21,
the most classical Suzuki-Miyaura conditions required Pd(PPh;), as the catalyst and
an aqueous solution of sodium carbonate (Na,COs) as the base (Scheme 4.7). In the
case of boronic esters 22-23, due to their lower reactivity, Pd(dppf)Cl, had to be used
as the catalyst, potassium fluoride (KF) as the base and a mixture of toluene and
ethanol as the solvent. In both cases degassed solvents were used.

4.2.2.4. Introduction of the acceptor: second Suzuki-Miyaura
cross-coupling and Knoevenagel condensation

The introduction of the acceptor moiety was performed in two steps: first, a cross-
coupling reaction with a formyl thiophene boronic acid and then a Knoevenagel
condensation. These two steps were carried out for all the dyes except TTZ6. Due to
the presence of an EDOT ring in place of a simple thiophene in the structure of TTZ6
(Figure 4.4), it was necessary to optimize a different cross-coupling procedure to
introduce the appropriate acceptor moiety.

4.2.2.4.1. Synthesis of TTZ3-5 and TTZ7

Introduction of an additional thiophene ring bearing a formyl moiety was
accomplished through a Suzuki-Miyaura cross-coupling with commercially available
boronic acid 42 (Scheme 4.8). The cross—coupling reaction was carried out using
Pd(dppf)Cl, as the catalyst, KF as the base and a mixture of toluene and methanol as
the solvent. Microwave activation® enabled to shorten reaction times and minimize
undesired by-products which could derive, for example, from protodehalogenation
reactions. Aldehydes 7 and 39-41 were isolated after flash column chromatography
with good yields (57-74%).
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Scheme 4.8. Introduction of the acceptor group: cross-coupling/condensation sequence (TTZ3-5, TTZ7).
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Finally, Knoevenagel condensation with cyanoacetic acid 8 and ammonium acetate in
toluene/acetic acid mixture gave an almost complete conversion of starting
aldehydes to TTZ3-5 and TTZ7 dyes.

4.2.2.4.2. Synthesis of TTZ6

EDOTs containing a formyl group and a proper moiety to achieve a cross-coupling
with the iodide 9 are not commercially available and have never been reported in
literature. Since the synthesis of different aromatic derivatives containing both
formyl- and stannyl-moieities was already known,” we decided to prepare stannane
44 (Scheme 4.9) in order to employ it in a Stille cross-coupling reaction with
intermediate 9.

SN 1yn-Buli(1.2eq) o O 1) (MeO),CH (1.5 eq.)

0 THF. 78 °C., 2h DDQ (5.0 mol%)
/A —_— J\ o ——
2) NN-DMF (20 eq) g MeOH/CHCI,, A, 2h
THF, 1t, 16h H
EDOT 43

93%

2) n-BuLi (1.5 eq)) o o©
THF, -78 °C, 2h  4) KHSO, ., 0.5M 2/_\&\(0
3) Bu,SnCl (2.0 eq.) THE. . 2h |~ NSng

THF, it, 16h

H
67%
44

Scheme 4.9. Synthesis of stannane 44.

After a simple formylation of EDOT,®a one-pot procedure led to stannane 44.
Initially, the aldehyde moiety of 43 was protected by using trimethylorthoformate
and DDQ as the catalyst;”' the resulting dimethylacetal was then treated with n-
butyllithium and, subsequently, with tributyltin chloride. At the end of the reaction,
work-up with an aqueous solution of KHSO, deprotected selectively the formyl group
without affecting the carbon-tin bond.

The synthesis of TTZ6 (Scheme 4.10) was finally concluded with a classical Pd-
catalyzed Stille cross-coupling among stannane 44 and iodide 9 in order to obtain
aldehyde 45, which was then almost quantitatively converted to TTZ6 dye applying
the same Knoevenagel reaction conditions used for the preparation of the other
sensitizers.
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Scheme 4.10. Introduction of the acceptor group: cross-coupling/condensation sequence (TTZ6).

4.2.3. Characterization of dyes TTZ3-7

UV-Vis spectra of dyes TTZ3-7 both in THF solution and adsorbed on TiO, were
recorded (Figure 4.8). All the dyes showed a broad and intense absorption of solar
light with very high extinction molar coefficients (€ up to 9.76 x 10* Mcm™ in THF,
see Table 4.3) and, as expected from the computational analysis (see Paragraph
4.2.1), they displayed a bathochromic shift of 40-50 nm compared to TTZ1," with
maxima in the 510-521 nm range in solution and in the 484-492 range when
adsorbed on TiO, (Table 4.3). The blue-shifted light absorption of the dyes upon their
attachment to TiO, could be due to the deprotonation of the carboxylic acid group on
the semiconductor surface.”” Generally, TTZ4 and TTZ6, which had the strongest
electron-donating group and the largest HOMO->LUMO component in the excitation
process, respectively, showed the most red-shifted absorption spectra.
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Table 4.3 Spectroscopic and electrochemical data for dyes TTZ3-7.

*

A A _
)\max abs.a [n m] ma: max abs. on.b E ox.C EO—OCI EO—Oe r [10 7 mol

e | e JOTION L W | W] | (e | feV) | o]

Dye

TTZ3 | 510(81400) | 587 484 1.02 | —-1.23 | 2.25 | 2.16 0.99

TTZ4 | 518 (86600) | 601 491 0.77 | —142 | 2.19 | 2.12 1.08

521 (94500)

548 (85100) 636 498 093 | —-1.21 | 2.14 | 2.12 1.25

(

(
TTZ5 | 510(94100) | 573 | 487 091 | -1.33 | 2.24 | 2.16 1.19
TTZ6 z

TTZ7 | 513 (96700) | 596 492 085 | —1.37 | 2.22 | 2.16 1.75

a) THF solution. b) Potentials vs. NHE. c) Calculated from Eo — Eg. d) Estimated from the intersection of normalized
absorption and emission spectra. e) Determined from Tauc Plot.”
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Figure 4.8. (left) UV-Vis spectra of dyes TTZ3-7 in THF solution; concentrations: TTZ3, 8.47 x 10° m;
1724, 8.89 x 10° M; TTZ5, 8.96 x10° M; TTZ6, 7.61 x 10° M; TTZ7, 9.57 x 10° M. (right) Normalized
UV-Vis spectra of dyes TTZ3-7 adsorbed on TiO,.

All the dyes exhibited fluorescence emission in THF solution: the intersection of the
normalized absorption and emission spectra (Figure 4.9.a-e) allowed to estimate the
optical band-gaps (Eo.o, Table 4.3), which were comprised in the 2.14-2.25 eV range,
with TTZ6 having the smallest and TTZ3 the largest Eq values. These values were in
good agreement with those derived from the corresponding Tauc plots,”® which were
in the 2.12-2.16 eV range and in the same relative order (Figure 4.9.f).

The amount of dyes adsorbed on the TiO, layer was calculated through the
desorption method: electrodes were sensitized with TTZ3-7, and then dipped ina 0.1
M KOH solution in THF/MeOH until their complete discoloration. The absorbance of
the resulting solution was measured and the amount of dye desorbed from the
electrode could therefore be calculated. All the dyes exhibited similar values of
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density (I = 0.99-1.75 x 10”7 mol cm™), which were consistent with those usually
found for other organic DSSC sensitizers (10~-10" mol cm™).
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Figure 4.9. (a-e) Intersection between the normalized UV-Vis absorption (solid line) and fluorescence
emission (dashed line) spectra for compounds TTZ3-7 in THF solution. (a) TTZ3; (b) TTZ4; (c) TTZ5; (d)
TTZ6; (e) TTZ7 - (f) Tauc plot for the determination of the optical band-gap of sensitizers TTZ3-7 in THF

solution.
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Cyclic voltammetry  measurements of all dyes in CH,Cl, were carried out to
determine the ground-state oxidation potentials (Table 4.3). All the potentials were
comprised in the 0.77-1.02 V range, therefore being positive enough to ensure
regeneration by the iodide/triiodide redox couple (ca. 0.5 V vs. NHE).** As expected,
the strong electron-donating character resulting from the introduction of hexyloxy
chains on the triarylamine moiety of TTZ4 was reflected by its relatively low E,, value
(0.77 V vs. NHE, compared to 1.02 V for TTZ3), with the introduction of
phenothiazine in TTZ7 also showing a similar effect (E,, = 0.85 V).

Subtracting the optical band-gaps (Eo.o) to the ground-state oxidation potentials (Eo, ),
it was possible to calculate the excited state oxidation potentials (Table 4.3; E*ox, = Eox
— Eg). These values were always more negative than the conduction band edge of
TiO, (ca. —0.4 eV vs. NHE), which means that electron injection from the excited state
of the dye to the conduction band of the semiconductor could occur properly during
cell operation.

4.2.4. Photovoltaic measurementst

4.2.4.1. Small-scale DSSCs

After characterization, small-scale test DSSCs (0.25 cm?) containing compounds TTZ3-
7 as sensitizers were built in order to evaluate and compare their photovoltaic
performances. Since molar extinction coefficients of TTZ3-7 were very high (Table
4.3) suggesting the possibility of an extremely efficient light-harvesting, we reasoned
that these dyes could be appropriate for the construction of DSSCs with a thinner
TiO, layer compared to typical devices. For this reason, two series of cells were
assembled: a first series with a transparent photoanode of 5.5 um thickness
(obtained with commercial Dyesol 18NR-T paste), and a second series with an
opaque electrode of 6.5 um thickness (Dyesol 18NR-AQ). The performances of our
dyes were compared with those of standard organic dye D5 and organometallic
sensitizer Z907”° (Figure 4.10). A commercial electrolyte solution based on the most
classical I/1;” redox couple (Dyesol HPE) was used in the cells. This solution is still the
most used one for practical applications, such as BIPV, since it is usually the best

! Cyclic voltammetry measurements were performed by Dr. Fabrizia Fabrizi de Biani from the
University of Siena.

" All the photovoltaic measurements were carried out by Dr. Daniele Colonna and Prof. Aldo
di Carlo from C.H.0.S.E., University of Rome “Tor Vergata”.
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performing one with ruthenium sensitizers. Typical J/V curves measured on the
transparent solar cells are shown in Figure 4.11a, while the corresponding IPCE
spectra are displayed in Figure 4.11b.
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Figure 4.10. Structures of reference dyes D5 and Z907.
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Figure 4.11. Typical J/V curves (a) and IPCE spectra (b) for transparent cells built with dyes D5, Z907
and TTZ3-7.

In the case of transparent cells (Table 4.4), dyes TTZ3-7 showed efficiency values
between 4.85 and 7.39%, with TTZ5 and TTZ7 being the best two sensitizers.
Remarkably, all new thiazolo[5,4-d]thiazole dyes gave better efficiencies than
standard organic dye D5, while TTZ5 and TTZ7 surpassed even the performance
provided by ruthenium sensitizer 2907 (n 6.35-7.39% vs. 5.51%). This result was
particularly significant, since Z907 is one of the sensitizers of choice for applications
in BIPV.”” All new compounds gave broad IPCE spectra with onsets around 700 nm
(Figure 4.11b), in agreement with their UV-Vis spectra recorded on TiO,: in particular,
the IPCE of dye TTZ5 was superior to Z907 in the 370-480 and 550-660 nm regions,
consistent with its higher photocurrent.
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Table 4.4. Photovoltaic parameters for transparent DSSCs built with dyes D5, Z907 and TTZ3-7.°

Dye Js [MA cm™] Voe [V] ff [%] n [%]

D5 9.60 0.624 63 3.78
7907 13.50 0.686 60 5.51
TTZ3 12.79 0.687 61 5.41
TTZ4 12.18 0.669 60 4.85
TTZ5 16.20 0.716 63 7.39
TTZ6 12.29 0.646 63 5.01
TTZ7 14.99 0.686 62 6.35

a) Average values of three devices; active surface area 0.25 cmz; TiO, layer thickness 5.5 um.

Apparently the presence of alkylthio-chains on the donor portion of the molecule
improved the photovoltaic performance of dye TTZ5 compared to the other
sensitizers. This is in agreement with previous studies by Berlinguette et al.,”> who
found that this substituent was able to induce superior photocurrent and
photovoltage in DSSCs compared to its oxygenated analogue. These beneficial effects
were attributed to a much faster dye regeneration which, according to the authors,
could either be due to formation of an adduct between iodide from the electrolyte
and the “soft” sulphur atoms, or simply arise from the greater HOMO coefficients
found on the S atoms compared to the O atoms. The latter observation could be
made also in our case when comparing the HOMO isodensity plots of TTZ4 and TTZ5
derived from our computational analysis (see Paragraph 4.2.1, Figure 4.6).

Regarding the other dyes, their lower efficiencies could be justified by a combination
of several factors: for example, TTZ3 had the lowest extinction molar coefficient and
dye density on TiO,, which could result in a lower light-harvesting efficiency. TTZ4,
having the highest E,, value among all dyes, could be affected by a less efficient dye-
regeneration, while TTZ26 could suffer from faster electron recombination since its
HOMO coefficients were partially located on the terminal portion of the molecule.

Data obtained for opaque cells were generally consistent with those recorded for
transparent devices (Table 4.5), with TTZ5 and TTZ7 being once again the two best
sensitizers, albeit with slightly reduced efficiency values (n 6.08-6.91%). Generally,
the relatively low fill factors observed for all the cells (55-63%) were likely due to the
small thickness of the TiO, layer employed, combined with the absence of a blocking
layer, which probably favored electron recombination through direct contact
between the conductive substrate and the electrolyte solution.
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Table 4.5. Photovoltaic parameters for opaque DSSCs built with dyes D5, 2907 and TTZ3-7.°

Dye Jsc [MA cm™?] Voe [V] ff [%] n [%]
D5 11.04 0.619 58 3.99
7907 13.85 0.687 58 5.61
TTZ3 13.65 0.671 60 5.45
TTZ4 12.99 0.665 57 4.93
TTZ5 16.05 0.721 60 6.91
TTZ6 13.00 0.644 56 4.70
TTZ7 15.26 0.680 59 6.08

a) Average values of three devices; active surface area 0.25 cmz; TiO, layer thickness 6.5 um.

Although the tridimensional structure of alkyl chains in ProDOT rings should have
minimized the aggregation effects of dyes TTZ3-7 on TiO, layer, two new series of
transparent and opaque solar cells were built by staining the photoanode in a
solution containing chenodeoxycholic acid (CDCA) in addition to the appropriate dye.
The photovoltaic values obtained in this case are reported in Table 4.6.

Table 4.6. Photovoltaic parameters for DSSCs built with dyes TTZ3-7 and CDCA as coadsorbent.”

Transparent DSSCs”

Dye Jsc [MA cm™] Vo [V] ff (%] n [%]°
TTZ3 15.62 0.697 60 6.55 (+21%)
TTZ4 14.27 0.692 59 5.85 (+21%)
TTZ5 16.59 0.717 59 7.08 (—4%)
TTZ6 10.68 0.640 57 3.90 (-22%)
TTZ7 15.97 0.694 60 6.61 (+4%)

Opaque DSSCs®
TTZ3 16.52 0.683 58 6.54 (+20%)
TTZ4 15.18 0.675 55 5.71 (+16%)
TTZ5 18.33 0.709 59 7.71 (+12%)
TTZ6 13.86 0.646 56 5.03 (+7%)
TTZ7 17.22 0.689 58 6.94 (+14%)

a) Average values of three devices; active surface area 0.25 cmz; 1mM CDCA added in the sensitizing bath (0.1 mM
dye in THF). b) TiO, layer thickness 5.5 um. c) TiO; layer thickness 6.5 um. d) Comparison with DSSCs without CDCA.

In both device classes, higher photocurrent densities were observed for all the
sensitizers, with the sole exception of TTZ6, maybe because the steric bulk of its
terminal EDOT ring minimized the aggregation even in the absence of CDCA, while
the largest enhancement was displayed by dye TTZ3 (+20-21%). In the presence of
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CDCA, the best result was provided by TTZ5-containing opaque cells, which recorded
an average efficiency of 7.71% with a remarkable photocurrent of 18.33 mA cm™.

Except for the devices built with dyes TTZ3 and, partially, TTZ4, the adding of CDCA
did not provide huge increases of the efficiency values of our devices, which were
able to furnish good photovoltaic performances without it. This result was
particularly appreciated because it fulfilled our initial goal, that is the construction of
efficient solar devices using simplified procedures and materials. In particular, no
blocking layer of TiO, was deposed either on the conductive glass substrate or on the
nanocrystalline semiconductor layer by treatment with aqg. TiCl,, and no light-
scattering layer was employed in photoanode fabrication. All these features
represented the first essential condition for a possible future large-scale production
of DSSC modules based on the new TzTz-dyes.

4.2.4.2. Strip DSSCs

Having obtained promising results with small-scale DSSCs (0.25 cm?), built under very
simple conditions, the next step was to investigate how an increase in the cell active
surface area could affect device efficiency and stability. For this reason, we decided
to build larger area (3.6 cm?) strip cells, in view of a possible scale-up of the system.
Accordingly, we also introduced some changes in device fabrication:

i Transparent TiO, electrodes with a thickness of 3 to 5 um were prepared in
order to minimize semiconductor employment and enhance transparency.

ii. A different commercial electrolytic solution (Dyesol HSE) was used, which is
still based on the I7/l5” redox couple, but is designed to improve device
stability at the cost of maximum performance.

iii. Only dyes TTZ3-5 were used in these experiments, due to their easier
preparation procedure.

Two series of cells were prepared for each electrode thickness, either by addition of
CDCA to the sensitizing bath or not. The well-known organic dye D35 (Figure 4.12)
was selected as reference standard,” since this compound has recently been
established worldwide as a reference organic sensitizer for DSSCs, due to its good
performances coupled with high transparency and excellent stability.”

The relevant photovoltaic parameters of strip cells are listed in Table 4.7, while their
J/V curves and their IPCE spectra are shown in Figure 4.13 and Figure 4.14
respectively.
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D35

Figure 4.12. Structure of reference dye D35.

Table 4.7. Photovoltaic parameters for strip DSSCs built with dyes D35 and TTZ3-5.°

Dye Thickness [um] CDCA® J [MAcm™ Vee [V] | ff %] n [%]
- 9.93 0.758 54 4.06
D35 3 + 9.52 0.754 55 3.93
3 - 14.65 0.693 53 5.40
N— + 13.80 0.696 47 4.52
5 - 15.70 0.678 52 5.58
+ 16.31 0.667 50 5.48
3 - 13.14 0.682 52 4.70
— + 12.62 0.690 52 4.55
5 - 13.51 0.667 52 4.71
+ 14.31 0.677 52 5.04
3 - 15.78 0.732 53 6.20
775 + 15.29 0.722 54 6.03
5 - 17.00 0.705 53 6.35
+ 16.38 0.711 50 5.88

a) Average values of two devices; active surface area 3.6 cm?’. b) “~“: without CDCA; “+”: with 1ImM CDCA added in

the sensitizing bath (0.1 mM dye in THF).

Remarkably, strip DSSCs built with dyes TTZ3-5 recorded higher efficiencies than
those containing standard sensitizer D35, with the best result provided once again by
TTZ5 (6.35% average efficiency for the 5 um cell without CDCA). The superior
efficiencies were mostly due to the higher photocurrents induced by the TzTz-
containing dyes compared to D35; such difference could be explained considering
their wider and, in the case of TTZ5, also higher IPCE spectra (Figure 4.14).

Comparing cells with different thicknesses, DSSCs with a 5um-layer of TiO, gave
slightly improved performances, but differences in efficiency were rather small.
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Figure 4.13. Typical J/V curves for transparent strip cells built with dyes D35 and TTZ3-5 in the absence
(a) and in the presence (b) of CDCA. Hollow symbols: 3 um devices; full symbols: 5 um devices.
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Figure 4.14. IPCE curves measured for strip DSSCs built with dye TTZ3 (a), TTZ4 (b), TTZ5 (c); solid
symbols: no CDCA; hollow symbols: CDCA added to the sensitizing bath. The corresponding curves
obtained with reference dye D35 have been added for comparison.

As expected, photocurrents increased by using a thicker semiconductor layer, since a
larger amount of dye was adsorbed on the electrode, but the open-circuit voltages
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were smaller, probably due to higher electron recombination. Generally, fill factors of
strip cells were lower than those of small-scale cells due to the higher series
resistance usually observed for larger DSSCs.*

Unlike what was observed in the case of small-scale cells, the introduction of CDCA
decreased the performances of the larger-area devices (Table 4.7), with the sole
exception of the 5 um device built with dye TTZ4. In general, photocurrent was not
improved by the presence of CDCA, highlighting a lower tendency of the dyes to
aggregate under these conditions. Accordingly, we suppose that, during staining of
the larger electrodes, a more homogeneous distribution of the sensitizer was
achieved, which caused a reduction of stacking and other aggregation phenomena
and the elimination of all potential benefits brought by the co-adsorbent.
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Figure 4.15. Stability test conducted with 3 um-thick DSSCs sensitized with dyes TTZ3-5 over the course
of 1000 h. Ageing in the dark at 85°C.

At this stage, the stability of the strip cells fabricated with dyes TTZ3-5 (Figure 4.15)
was also tested. A new series of 3 um-thick devices was built and all the photovoltaic
parameters measured under standard illumination over a period of approx. 1000 h,
during which they were stored in the dark at 85°C. All the devices showed excellent
stability during this period of time, with final efficiencies comparable to the initial
ones (for TTZ4-5 a slight increase was even observed within the first 72 h). In
particular, the efficiency of compound TTZ5 was constant around 6% for the entire
duration of the experiment, consistent with the results described above.

Generally, during the course of the experiment, photocurrents increased during the
first 100 hours and then slowly decreased, while an opposite pattern was observed
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for photovoltages, with an initial drop followed by a subsequent recovery; similarly,
fill factors increased slightly during the experiment. All these results regarding
efficiency and stability indicated that TzTz-sensitizers are promising candidates for
the potential fabrication of large-scale thin-film DSSC modules due to their good
performances coupled with high photochemical stability and easy building
techniques.

4.2.4.3. Electrochemical impedance spectroscopy

In the final part of our studies, we analyzed more in detail the charge transfer
processes taking place in the cells by means of electrochemical impedance
spectroscopy (EIS),* which is a powerful tool for the study of charge accumulation,
transport and recombination under the different operating conditions of DSSC, as
well as to make a general assessment of device electrical properties. Measurements
for S5um-strip cells containing dyes TTZ3-5 were performed in the dark at —0.60 V
forward bias over the 0.1 Hz-100 KHz frequency range: the corresponding Nyquist
plots (i.e. the plots showing the minus imaginary part of the impedance —Z” vs. the
real part ZZ when sweeping the frequency) are shown in Figure 4.16a, while Bode
phase plots (i.e. the plots showing the current/voltage phase shift vs. the frequency)
are shown in Figure 4.16b.
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Figure 4.16. Electrochemical impedance spectra for compounds TTZ3-5 measured in the dark at —0.60
V forward bias: (a) Nyquist plot; (b) Bode phase plot; (c) equivalent circuit.
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In the Nyquist plots, due to the use of a liquid electrolyte, two semicircles were
observed: the small semicircle at higher frequencies corresponds to charge transfer
processes at the Pt-electrolyte interface, while the larger semicircle at lower
frequencies derives from the charge transfer processes at the TiO,-dye-electrolyte
interface. Several parameters can be obtained by fitting the spectra with a known
electrochemical model (see the equivalent circuit in Figure 4.16c), namely the series
resistance of the cell (R,), the charge transfer resistance at the TiO,-dye-electrolyte
interface (R,.) and the charge transfer resistance at the counter electrode (Rcg).
Here, while R, and Rz were comparable for all dyes (reflecting the similar fabrication
conditions and the same materials used in the counter electrode), R, values
increased in the order TTZ4 (22.0 Q) < TTZ3 (30.2 Q) < TTZ5 (37.2 Q), suggesting that
for the latter dye a slower charge recombination was taking place at the photoanode.

Considering the Bode phase plots, the frequency of the peaks observed in the
middle-frequency domain can be used to evaluate the electron lifetime within the
semiconductor (t.),”” providing another indication of the charge recombination rate.
In agreement with the previous measurements, we found that electron lifetimes
increased in the order TTZ4 (15.1 ms) < TTZ3 (17.5 ms) < TTZ5 (23.2 ms), confirming
that electron recombination was more efficiently prevented by the dye with the
alkylthio-terminal chains. As recently pointed out in other studies,® electron lifetime,
influenced by factors such as molecular size and dye adsorption behavior, exerts a
strong influence on cell photovoltage. Indeed, also here, the trend in t. values was in
good agreement with V.. values measured for the cells and reported in Table 4.7.
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4.3. Experimental section

4.3.1. Synthetic procedures

Diethyl 2,2-dipentylmalonate (18)*

H11Cs CsHyy
EtOOC COOEt
18
1-bromopentane (34.9 g, 0.23 mol, 3.0 eq.) was dissolved in THF, then sodium
hydride (5.54 g, 0.23 mol, 3.0 eq.) was added. After cooling to 0 °C, diethyl malonate
(19, 12.3 g, 0.077 mol, 1.0 eq.) was added into the flask during one hour, after which
the resulting mixture was heated to reflux for 16 h. After cooling to 0 °C, water was
added until neutralization of the excess of sodium hydride. The resulting mixture was
extracted with Et,0 (2 x 150 mL), then the combined organic phases were washed
with brine and dried with Na,SO,. After filtration, removal of the solvent under
vacuum afforded a pale yellow oil, which was purified by distillation under reduced
pressure to give pure 18 (15.6 g, 0.052 mol, 67% yield) as a colorless liquid.

(18): *H-NMR (300 MHz, CDCls): 6 = 4.15 (q, J = 7.1 Hz, 4H), 1.80-1.88 (m, 4H), 1.24-
1.28 (m, 8H), 1.22 (t, J = 7.1 Hz, 6H), 1.09-1.16 (m, 4H), 0.83-0.89 (m, 6H) ppm. *C-
NMR (75 MHz, CDCly): 6 = 172.2, 61.0, 57.7, 32.2, 32.1, 23.7, 22.5, 14.2, 14.1 ppm. IR
(KBr): ¥ = 2956, 2929, 2862, 1736, 1459, 1036 cm™.

2,2-dipentylpropan-1,3-diol (17)*

H11Cs CsHyg

HO OH
17

Lithium aluminum hydride (2.95 g, 0.078 mol, 1.5 eq.) and Et,0 (100 mL) were
introduced in a Schlenk flask then, after cooling to 0 °C, diester 18 (15.6 g, 0.052 mol,
1.0 eq.) was added within an hour. The reaction mixture was left under stirring at
room temperature for 16 hours, then was cooled to 0 °C. A first portion of water (3
mL), a 15% NaOH aqueous solution (3 mL) and a second portion of water (9 mL) were
added to the reaction mixture, then, after stirring at room temperature for 20
minutes, Na,S0O, (ca. 10 g) was added to the reaction mixture, which was stirred for
further 20 minutes, and then filtered over a short pad of Celite®. The organic phase
was washed with brine and dried with Na,S0O,. After filtration, removal of the solvent
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under vacuum afforded diol 17 (10.8 g, 0.050 mol, 96% yield) as a colorless oil, which
was used for the next step without further purification.

(17): *H-NMR (300 MHz, CDCl5): & = 3.56 (d, J = 4.3 Hz, 4H), 2.27 (bs, 2H), 1.21-1.32
(m, 16H), 0.89 (t, J = 6.7 Hz, 6H) ppm. C—NMR (75 MHz, CDCls): & = 68.7, 41.2, 32.9,
30.9, 22.8, 22.7, 14.2 ppm. IR (KBr): ¥ = 3360, 2955, 2930, 2860, 1466, 1053 cm™.

3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (ProDOT, 15)*

Hq1Cs CsHyy

T

S
15

3,4-dimethoxythiophene (16, 1.67 g, 11.6 mmol, 1.0 eq.), toluene (100 mL), diol 17
(5.00 g, 23.2 mmol, 2.0 eq.) and p-toluenesulfonic acid (0.220 g, 1.16 mmol, 10 mol%)
were introduced in a Schlenk flask equipped with a Soxhlet extractor containing
activated molecular sieves (4A). The reaction mixture was heated at reflux for 16
hours, then allowed to cool to room temperature, washed with water (100 mL) and
brine, and dried with Na,SO,. After filtration and evaporation of the solvent under
reduced pressure, the crude product was purified by flash column chromatography
(Si0,, petroleum ether / dichloromethane 3:2, then ethyl acetate) to give pure
product 15 (3.22 g, 10.9 mmol, 94% vyield) as a pale yellow oil, as well as starting
material 17 (1.99 g, 9.2 mmol, 40% recovery).

(15): *H-NMR (300 MHz, CDCl3): & = 6,42 (s, 2H), 3.85 (s, 4H), 1.26-1.38 (m, 16H),
0.89 (t, J = 6.9 Hz, 6H) ppm. *C-NMR (75 MHz, CDCls): & = 149.9, 104.8, 77.7, 43.9,
32.8, 32.0, 22.7, 22.6, 14.2 ppm. IR (KBr): ¥ = 3112, 2955, 2930, 2860, 1459, 1376,
1188, 1022 cm ™. ESI-MS: m/z = 297.06 [M+1]".

3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine-6-carboxaldehyde (14)

Hy1Cs5 CsHy

0o 0O

/' \ 0

S
H

14
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ProDOT 15 (1.09 g, 3.68 mmol, 1.0 eq.) was dissolved in THF (30 mL), then, after
cooling to =78 °C, a 1.6 M solution of n-Buli in hexane (4.78 mmol, 3.0 mL, 1.3 eq.)
was added dropwise. The resulting mixture was left under stirring at =78 °C for 2
hours, then N,N-DMF (0.538 g, 7.35 mmol, 0.57 mL, 2.0 eq.) was added. The reaction
mixture was allowed to return to room temperature and left under stirring for 16 h.
A saturated aqueous solution of NH,CI (50 mL) and Et,0 (100 mL) were added, the
two phases were separated, and the organic phase was washed with brine and dried
with Na,S0,. After filtration, removal of the solvent under vacuum afforded a bright
yellow oil which was purified by flash column chromatography (SiO,, petroleum ether
/ CH,Cl, 2:1) to give pure aldehyde 14 (0.972 g, 3.00 mmol, 82% vyield) as a pale
yellow oil.

(14): "H-NMR (300 MHz, CDCl3): 6 = 9.91 (d, J = 1.2 Hz, 1H), 6.86 (d, J = 1.2 Hz, 1H),
4.06 (s, 2H), 3.90 (s, 2H), 1.22-1.43 (m, 16H), 0.90 (t, J = 6.9 Hz, 6H) ppm. *C-NMR
(75 MHz, CDCl,): & = 181.4, 156.5, 149.6, 122.2, 115.3, 78.1, 77.9, 43.9, 32.7, 32.2,
22.7, 22.6, 14.2 ppm. IR (KBr): ¥ = 3101, 2955, 2930, 2860, 1661, 1487, 1379, 1030
cm™. ESI-MS: m/z = 325.14 [M+1]".

2,5-bis(3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-
dlthiazole (13)

Hi1Gs ey,
N
S N—_S 0
JLﬂIMT
o s~N s
o)
Hi1CseH
51111 13

Dithiooxamide (106 mg, 0.88 mmol), aldehyde 14 (570 mg, 1.76 mmol, 2.0 eq.) and
n-butanol (1.5 mL) were introduced in a microwave vial equipped with a magnetic
stirrer. The resulting mixture was heated under microwave irradiation at 120°C for
2.5 h. After cooling to room temperature, THF (ca. 5 mL) and chloranil (108 mg, 0.44
mmol, 0.5 eq.) were added to the reaction mixture, which was transferred to a flask,
heated to reflux and stirred for 10 min. Removal of the solvent in vacuo afforded a
dark thick oil, which was purified by flash column chromatography (SiO,; petroleum
ether / toluene 3:2) to give compound 2 as a light brown solid (269 mg, 0.37 mmol,
42% yield).
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(2): mp = 207-208 °C. *H-NMR (400 MHz, CDCl3): & = 6.56 (s, 2H), 4.10 (s, 4H), 3.92 (s,
4H), 1.42-1.46 (m, 8H), 1.28-1.36 (m, 24H), 0.91 (t, J = 6.8 Hz, 12H) ppm. C-NMR
(75 MHz, CDCly): & = 159.7, 150.2, 149.7, 148.6, 117.5, 107.0, 78.1, 77.9, 44.1, 32.8,
32.2,22.7, 14.2 ppm. IR (KBr): ¥ = 3100, 2930, 2860, 1500, 1039 cm™*. ESI-MS: m/z =
731.32 [M]".

2,5-bis(8-iodo-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo
[5,4-d]thiazole (11)

H11Csceh,,

R
pySarsad
SHO

H11Cs G, 11

Thiazolo[5,4-d]thiazole 13 (847 mg, 1.16 mmol) and N-iodosuccinimmide (652 mg,
2.89 mmol, 2.5 eq.) were dissolved into a mixture of CHCl; (20 mL) and glacial acetic
acid (20 mL). The reaction mixture was stirred overnight in the dark, at room
temperature. The solid obtained was filtered and washed with several portions (50
mL) of methanol and ethyl acetate to afford diiodide 11 as a yellow solid (1.06 g, 1.08
mmol, 93% yield). Compound 11 was used in the following steps without any further
purification.

(11): mp = 228-230 °C. *H—NMR (400 MHz, CDCl5): & = 4.09 (s, 4H), 3.98 (s, 4H), 1.42—
1.46 (m, 8H), 1.28-1.36 (m, 24H), 0.91 (t, J = 6.7 Hz, 12H) ppm. C-NMR (75 MHz,
CDCly): & = 159.0, 152.0, 150.4, 146.8, 122.0, 78.3, 78.2, 61.0, 44.1, 32.7, 32.1, 22.7,
22.6, 14.2 ppm. IR (KBr): # = 2929, 2858, 1492, 1370, 1057 cm . ESI-MS: m/z =
983.09 [M]".

4,4'-dimethoxydiphenyl amine (26)"

0 O.
) LY
N

H
26

1-bromo-4-hexyloxybenzene (24, 3.70 g, 14.4 mmol, 3.0 mL, 1.0 eq.) was mixed with
toluene (30 mL), dppf (0.319 g, 0.575 mmol, 4.0 mol%) and Pd,(dba); (0.263 g, 0.288
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mmol, 2.0 mol%). The resulting mixture was stirred for 20 minutes at room
temperature while the color turned from black to red, then 4-hexyloxyaniline (25,
5.56 g, 28.8 mmol, 2.0 eq.) and sodium tert-butoxide (2.77 g, 28.8 mmol, 2.0 eq.)
were added. The reaction mixture was heated to reflux for 2 hours, then allowed to
cool down to room temperature. After filtration over Celite®, CH,Cl, (150 mL) and
water (150 mL) were added, the two phases were separated, the organic phase was
washed with brine and dried with Na,S0,. After filtration and evaporation of the
solvent under vacuum, the crude product was purified by flash column
chromatography (SiO,, petroleum ether / Et,0 12:1) to give pure amine 26 (4.49 g,
12.1 mmol, 84% yield) as an off-white solid.

(26): "H-NMR (400 MHz, Acetone-dg): 6 = 6.95 (d, J = 9.0 Hz, 4H), 6.81 (d, J = 8.9 Hz,
4H), 3.92 (t, J = 6.5 Hz, 4H), 3.73-3.76 (m, 1H), 1.73 (q, J = 6.7 Hz, 4H), 1.41-1.53 (m,
4H), 1.29-1.38 (m, 8H), 0.90 (t, J = 7.0 Hz, 6H) ppm. The analytical data were in
agreement with those reported in the literature.®

N,N-bis(4'-methoxyphenyl)-4-bromoaniline (28)"
.0 o.
H13Cs \‘@\ /@’ CeHa3
N

s

Br
28

1-bromo-4-iodobenzene (27, 2.39 g, 8.46 mmol, 1.25 eq.) was mixed with toluene (25
mL), dppf (0.028 g, 0.051 mmol, 0.75 mol%) and Pd,(dba); (0.031 g, 0.034 mmol, 0.5
mol%). The resulting mixture was stirred for 20 minutes at room temperature, then
4,4'-dimethoxydiphenyl amine (26, 2.50 g, 6.76 mmol, 1.0 eq.) and sodium tert-
butoxide (0.975 g, 10.2 mmol, 1.5 eq.) were added. The reaction mixture was heated
to reflux for 20 hours, then allowed to cool down to room temperature. After
filtration over Celite®, ethyl acetate (200 mL) and water (150 mL) were added, the
two phases were separated, the organic phase was washed with brine and dried with
Na,SO,. After filtration and evaporation of the solvent under vacuum, the crude
product was purified by flash column chromatography (SiO,, petroleum ether /
toluene 5:1) to give pure triarylamine 28 (2.59 g, 4.94 mmol, 73% yield) as a colorless
oil.
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(28): 'H-NMR (300 MHz, Acetone-dg): & = 7.28 (d, J = 9.1 Hz, 2H), 7.04 (d, J = 9.1 Hz,
4H), 6.90 (d, J = 9.1 Hz, 4H), 6.74 (d, J = 9.1 Hz, 2H), 3.98 (t, J = 6.5 Hz, 4H), 1.76 (qu, J
= 6.5 Hz, 4H), 1.45-1.51 (m, 4H), 1.29-1.41 (m, 8H), 0.86-0.94 (m, 6H) ppm. *C-NMR
(75 MHz, Acetone-dg): 8 = 157.1, 149.4, 141.0, 132.6, 127.9, 122.0, 116.4, 112.1, 68.8,
32.4, 26.5, 23.3, 14.3 ppm. The analytical data were in agreement with those
reported in the literature.’

Note: In the C-NMR of compound 28 recorded in acetone-ds, one aliphatic signal
was covered by the signal belonging to acetone.

1-bromo-4-hexylthiobenzene (29)"’

CgH
g~ o613

Br
29

1-bromo-4-iodobenzene (27, 5.66 g, 20.0 mmol, 1.0 eq.) was mixed with toluene (55
mL), copper iodide (0.340 g, 1.80 mmol, 9.0 mol%), 1,10-phenanthroline (0.324 g, 1.8
mmol, 9.0 mol%) and sodium tert-butoxide (2.88 g, 30.0 mmol, 1.5 eq.). 1-
hexanethiol (2.84 g, 24.0 mmol, 0.832 mL, 1.2 eq.) was added to the resulting
mixture, which was heated to reflux for 16 h. After cooling to room temperature, the
reaction mixture was diluted with ethyl acetate (150 mL) and filtrated over Celite®,
then the solvent was removed under reduced pressure. Purification of the crude
reaction mixture by flash column chromatography (SiO,, petroleum ether) afforded
pure 29 (4.94 g, 18.1 mmol, 91% yield) as a colorless oil.

(29): *H-NMR (400 MHz, CDCl3): & = 7.38 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H),
2.89 (t, J = 7.4 Hz, 2H), 1.57-1.68 (m, 2H), 1.36-1.48 (m, 2H), 1.22-1.39 (m, 4H),
0.85-0.94 (m, 3H) ppm. *C-NMR (100 MHz, CDCl;): & = 136.4, 131.9, 130.4, 119.4,
33.7, 31.4, 29.1, 28.9, 22.6, 14.1 ppm. The analytical data were in agreement with
those reported in the literature."
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4-(Hexylthio)-N-(4-(hexylthio)phenyl)-N-phenylaniline (30)

S S,
w0 Y
S

30

1-Bromo-4-hexylthiobenzene (29, 4.74 g, 17.3 mmol, 3.0 eq.) was dissolved in
toluene (55 mL). The solution was degassed, then Pd,(dba); (300 mg, 0.29 mmol, 5.0
mol%) and dppf (321 mg, 0.57 mmol, 10 mol%) were added. The mixture was stirred
for 15 min at room temperature while the color turned from black to red, then
aniline (539 mg, 5.79 mmol, 0.480 mL, 1.0 eq.) and sodium tert-butoxide (2.22 g, 23.1
mmol, 4.0 eq.) were added. The reaction mixture was heated to reflux and stirred for
20 h. After cooling and filtration over Celite®, the resulting solution was diluted with
Et,0 (200 mL), washed with water (150 mL) and brine (200 mL), and dried with
Na,SO,. Filtration, removal of the solvent and purification by flash column
chromatography (SiO,, petroleum ether / toluene, gradient from 10:1 to 5:1) gave
compound 30 (2.22 g, 4.65 mmol, 80% yield) as a pale yellow oil.

(30): *H-NMR (400 MHz, CsDg): & = 7.21 (d, J = 8.5 Hz, 4H), 7.04 (m, 4H), 6.95 (d, J =
8.5 Hz, 4H), 6.84 (m, 1H), 2.67 (t, J = 7.2 Hz, 4H), 1.53 (qu, J = 7.5 Hz, 4H), 1.05-1.32
(m, 12H), 0.83 (t, J = 7.1 Hz, 6H) ppm. The analytical data were in agreement with
those reported in the literature.*®

4-Bromo-N,N-bis(4-(hexylthio)phenyl)aniline (31)

.S S,
) L
N

Br
3

Compound 30 (1.53 g, 3.20 mmol, 1.0 eq.), was dissolved in dry CHCl; (30 mL)
together with N-bromosuccinimide (569 mg, 3.20 mmol, 1.0 eq.). The brown solution
was stirred at room temperature in the dark for 4 hours, while the color turned to
pale yellow, then diluted with CHCI; (100 mL), washed with water (150 mL) and brine
(200 mL), and dried with Na,SO,. Filtration and removal of the solvent gave
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compound 31 (1.75 g, 3.15 mmol, 98% vyield) as a pale orange oil, which was used for
the following reaction without further purification.

(31): 'H-NMR (400 MHz, C¢Dg): & = 7.20 (d, J = 8.6 Hz, 4H), 7.13 (d, J = 8.8 Hz, 2H),
6.84 (d, J = 8.6 Hz, 4H), 6.68 (d, J = 8.8 Hz, 2H), 2.68 (t, J = 7.3 Hz, 4H), 1.54 (g, /= 7.4
Hz, 4H), 1.06—-1.32 (m, 12H), 0.83 (t, J = 7.1 Hz, 6H) ppm. The analytical data were in
agreement with those reported in the literature.™

10-(4-Methoxyphenyl)-10H-phenothiazine (34)

O/

CLO

4-iodoanisole (33, 11.6 g, 49.5 mmol, 1.5 eq.) was dissolved in toluene (150 mL). The
solution was degassed, then Pd,(dba); (1.71 g, 1.65 mmol, 5.0 mol%) and tri-tert-
butylphosphine (0.667 g, 3.30 mmol, 0.834 mL, 10 mol%) were added. The mixture
was stirred for 30 min at room temperature, then phenothiazine (32, 6.57 g, 33.0
mmol, 1.0 eq.) and sodium tert-butoxide (7.92 g, 82.4 mmol, 2.5 eq.) were added.
The reaction mixture was heated to reflux and stirred for 20 h. After cooling and
filtration over Celite®, the resulting solution was diluted with ethyl acetate (300 mL),
washed with water (300 mL) and brine (300 mL), and dried with Na,SO,. Filtration,
removal of the solvent and purification by flash column chromatography (SiO,,
petroleum ether / Et,0 10:1, then CHCl;) gave compound 34 (7.51 g, 24.6 mmol, 75%
yield) as a dark yellow solid.

(34): 'H-NMR (300 MHz, CDCl3): & = 7.31 (d, J = 9.0 Hz, 2H), 7.12 (d, J = 8.9 Hz, 2H),
6.99 (dd, J = 8.6, J = 2.0 Hz, 2H), 6.76-6.85 (m, 4H), 6.19 (dd, J = 8.1, J = 1.6 Hz, 2H),
3.90 (s, 3H) ppm. The analytical data were in agreement with those reported in the
literature.”
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10-(4-Methoxyphenyl)-3-bromo-10H-phenothiazine (35)

o/

N
CrLL
S Br
35

10-(4-methoxyphenyl)-10H-phenothiazine (34, 3.05 g, 10.0 mmol, 1.0 eq.) was
dissolved in a mixture of dry CH,Cl, (100 mL) and dry CH;CN (60 mL), and treated
with pyridinium bromide perbromide (2.72 g, 8.50 mmol, 0.85 eq.), which was added
in four portions during 20 minutes. The reaction mixture was stirred at room
temperature for 10 minutes, the solvents were removed and ethyl acetate (150 mL)
was added. The organic phase was washed with a saturated aqueous solution of
NaHCO; (100 mL), water (100 mL) and brine (100 mL). After drying with Na,SO,,
filtration and removal of the solvent, the crude product was purified by flash column
chromatography (SiO,, petroleum ether/toluene 3:1). Purification yielded a 3:1
mixture of compound 35 and starting material 34, which was used as such in the
following step.

(35): *H-NMR (400 MHz, C¢Dg): 8= 7.06 (d, J = 2.3 Hz, 1H), 6.85 (dd, J= 7.4 Hz, J = 1.6
Hz, 1H), 6.82 (d, J = 8.9 Hz, 2H), 6.77 (dd, J = 8.8 Hz, J = 2.3 Hz, 1H), 6.54—6.70 (m, 4H),
6.17 (dd, J = 8.1 Hz, J = 1.2 Hz, 1H), 5.91 (d, J = 8.8 Hz, 1H), 3.24 (s, 3H) ppm.

General procedure for the synthesis of compounds 21-23"

The appropriate bromide (28, 31 or 35, 1.0 eq.) was dissolved in N,N-DMF together
with bis(pinacolato)diboron (1.5 eq.), Pd(dppf)Cl, (10 mol%) and potassium acetate
(3.0 eq.). The resulting mixture was heated to 80°C for 16 h, then allowed to cool to
room temperature. After dilution with water (100 mL) and CH,Cl, (100 mL), the two
phases were separated and the organic phase was washed with water (5 x 100 mL)
and brine and then dried with Na,SO,. After filtration and evaporation of the solvent,
the crude product was purified by flash column chromatography.
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4-(hexyloxy)-N-(4-(hexyloxy)phenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)aniline (21)
ge 0.
Hi3Cs \©\ /@’ CeHya
N

21

Bromide 28 (2.60 g, 4.96 mmol) was dissolved in N,N-DMF (25 mL) with Pd(dppf)Cl,
(404 mg, 0.496 mmol), bis(pinacolato)diboron (1.89 g, 7.44 mmol) and potassium
acetate (1.46 g, 14.9 mmol). The reaction mixture was heated at 80°C for 16h. After
work-up, evaporation of the solvent gave a brown oil which was purified by flash
column chromatography (SiO,; petroleum ether / toluene 1:3) to give pure ester 21
(2.02 g, 3.54 mmol, 71% vyield) as a light brown oil.

(21): *H-NMR (300 MHz, CDCl3): & = 7.59 (d, J = 8.6 Hz, 2H), 7.05 (d, J = 8.9 Hz, 4H),
6.85 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 9.0 Hz, 4H), 3.93 (t, / = 6.5 Hz, 4H), 1.76 (9, / = 6.7
Hz, 4H), 1.42-1.53 (m, 4H), 1.24-1.39 (m, 20H), 0.86-0.94 (m, 6H) ppm. The
analytical data were in agreement with those reported in the literature.”

4-(Hexylthio)-N-(4-(hexylthio)phenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)aniline (22)
.S S.
Hi3Cs \©\ /@’ CgHya
N

22

Bromide 31 (1.23 g, 2.20 mmol) was dissolved in N,N-DMF (20 mL) with Pd(dppf)Cl,
(161 mg, 0.22 mmol), bis(pinacolato)diboron (838 mg, 3.30 mmol) and potassium
acetate (648 mg, 6.60 mmol). The reaction mixture was heated at 80°C for 16h. After
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work-up, evaporation of the solvent gave a brown oil which was purified by flash
column chromatography (SiO,; petroleum ether / toluene, gradient from 1:1 to 1:2)
to give pure ester 22 (788 mg, 1.31 mmol, 59% yield) as a light green oil.

(22): 'H-NMR (400 MHz, CDCl3): = 7.66 (d, J = 7.9 Hz, 2H), 7.21 (d, J = 8.6 Hz, 4H),
6.98-7.03 (m, 6H), 2.88 (t, J = 7.4 Hz, 4H), 1.64 (q, J = 7.5 Hz, 4H), 1.37-1.46 (m, 4H),
1.33 (s, 12H), 1.24-1.32 (m, 8H), 0.89 (t, J = 6.7 Hz, 6H) ppm. Analytical data were in
agreement with those found in the literature.™

10-(4-Methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-
phenothiazine (23)

L

S B"o

L
23

The 3:1 mixture of compounds 35/34 (corresponding to 2.00 g, 3.86 mmol of 10-(4-
methoxyphenyl)-3-bromo-10H-phenothiazine 35) was dissolved in N,N-DMF (20 mL)
with Pd(dppf)Cl, (283 mg, 0.39 mmol), bis(pinacolato)diboron (1.47 g, 5.79 mmol)
and potassium acetate (1.14 g, 11.6 mmol). The reaction mixture was heated at 80°C
for 16h. After work-up, evaporation of the solvent gave a brown oil which was
purified by flash column chromatography (SiO,; toluene) to give pure ester 23 (1.38
g, 3.20 mmol, 83% yield) as a colorless solid.

(23): mp = 197-199 °C. "H-NMR (300 MHz, C¢D¢): &= 8.03 (d, J = 1.4 Hz, 1H), 7.73 (dd,
J=8.2Hz,J=1.3Hz, 1H), 6.87 (dd, J = 7.3 Hz, J = 1.9 Hz, 1H), 6.83 (d, J = 8.7 Hz, 2H),
6.63 (d, J = 8.8 Hz, 2H), 6.54—6.59 (m, 2H), 6.35 (d, J = 8.2 Hz, 1H), 6.16 (dd, J = 7.8 Hz,
J = 1.6 Hz, 1H), 3.20 (s, 3H), 1.09 (s, 12H) ppm. ®C-NMR (75 MHz, C¢D): & = 159.5,
147.7, 144.8, 134.4, 134.1, 133.3, 132.3, 127.1, 126.9, 123.0, 120.6, 119.6, 116.3,
116.1, 115.5, 83.6, 54.9, 24.9 ppm. IR (KBr): ¥ = 3058, 2976, 2924, 1598, 1510, 1351,
1295, 1143, 1032 cm ™. ESI-MS: m/z = 431.33 [M]*.
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General procedure for the synthesis of compounds 9 and 36

2,5-Bis(8-iodo-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,
4-d]thiazole (11, 1.0 eq.) was dissolved in toluene together with [Pd(PPh;),] (0.1 eq.).
The appropriate boronic acid or ester (20 or 21) (1.0 eq.) was then added, followed
by Na,CO; (2.0 M aqueous solution, 5.0 eq.). The resulting mixture was heated at
100°C and stirred for 16 h, then allowed to cool to room temperature and diluted
with H,0 (150 mL) and CH,CI, (150 mL). The phases were separated and the aqueous
layer washed with CH,Cl, (2 x 50 mL). The combined organic layers were washed with
brine and dried with Na,SO,. After filtration and evaporation of the solvent, the
crude product was purified by flash column chromatography.

4-(8-(5-(8-lodo-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo
[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-
N,N-diphenylaniline (9)

H11Cs CsHyy
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Diiodide 11 (800 mg, 0.81 mmol) was dissolved in toluene (30 mL) with [Pd(PPh;),]
(94 mg, 0.08 mmol) and reacted with 4-(diphenylamino)benzeneboronic acid (20, 235
mg, 0.81 mmol) and Na,CO; (2.0 M aqueous solution, 2.0 mL, 4.07 mmol) at 100°C
for 16h. After work-up, evaporation of the solvent gave a dark-red oil which was
purified by flash column chromatography (SiO,; petroleum ether / toluene 3:1 to 1:1)
to give pure 9 (285 mg, 0.26 mmol, 29% yield) as an orange solid as well as starting
material 11 (239 mg, 30% recovery).

(9): mp = 91-93 °C. *H-NMR (400 MHz, CDCl,): & = 7.63 (d, J = 8.7 Hz, 2H), 7.27 (t, J =
8.2 Hz, 4H), 7.13 (d, J = 7.8 Hz, 4H), 7.03-7.07 (m, 4H), 4.15 (s, 2H), 4.09 (s, 2H), 4.01
(s, 2H), 3.98 (s, 2H), 1.44-1.48 (m, 8H), 1.28-1.36 (m, 24H), 0.91 (t, J = 6.7 Hz, 12H)
ppm. C-NMR (100 MHz, CDCl3): & = 159.8, 158.4, 152.0, 150.5, 150.2, 149.4, 147.5,
146.6, 145.1, 129.5, 127.7, 126.4, 125.0, 124.4, 123.5, 123.0, 122.1, 118.0, 113.7,
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78.3,78.2,77.93, 77.89, 60.7, 44.11, 44.08, 32.8, 32.7, 32.3, 32.1, 29.8, 22.71, 22.69,
22.67,22.6, 14.2 ppm. IR (KBr): ¥ = 3058, 2927, 2857, 1590, 1491, 1057 cm™. ESI-MS:
m/z =1100.26 [M+1]".

4-(Hexyloxy)-N-(4-(hexyloxy)phenyl)-N-(4-(8-(5-(8-iodo-3,3-dipentyl-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)phenyl)aniline (36)

Hy3CeO Hi1Cs CsHi
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Diiodide 11 (750 mg, 0.76 mmol) was dissolved in toluene (30 mL) with [Pd(PPh;),]
(176 mg, 0.15 mmol) and reacted with 4-(hexyloxy)-N-(4-(hexyloxy)phenyl)-N-(4-
(4,4,5,5,-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (21, 436 mg, 0.76 mmol)
and Na,CO; (2.0 M aqueous solution, 1.9 mL, 3.82 mmol) at 100°C for 16h. After
work-up, evaporation of the solvent gave a dark-red oil which was purified by flash
column chromatography (SiO,, petroleum ether/toluene 2:1 to 1:1) to give pure 36
(174 mg, 0.13 mmol, 18% yield) as a sticky orange solid, as well as starting material
11 (223 mg, 30% recovery).

(36): "H-NMR (400 MHz, C¢Dg): 6 = 7.84 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 8.9 Hz, 6H),
6.80 (d, J = 8.9 Hz, 4H), 3.69 (s, 2H), 3.65 (t, J = 6.4 Hz, 4H), 3.61 (s, 2H), 3.54 (s, 2H),
3.49 (s, 2H), 1.62 (q, J = 6.5 Hz, 4H), 1.05-1.47 (m, 44H), 0.84-0.97 (m, 18H) ppm. 2*C-
NMR (100 MHz, CsDe): & = 160.3, 158.6, 156.4, 152.4, 151.3, 151.0, 150.0, 149.0,
146.9, 145.3, 141.0, 128.8, 127.3, 125.5, 125.3, 123.0, 120.7, 115.8, 114.5, 78.0, 77.7,
77.6, 68.2, 61.2, 43.8, 43.7, 33.0, 32.9, 32.4, 32.1, 31.9, 30.2, 29.7, 26.1, 23.0, 22.94,
22.90, 22.8, 22.7, 14.34, 14.32, 14.27 ppm. IR (KBr): ¥ = 2952, 2925, 2852, 1602,
1508, 1060 cm . ESI-MS: m/z = 1300.52 [M+1]".
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General procedure for the synthesis of compounds 37 and 38

2,5-Bis(8-iodo-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,
4-d]thiazole (11), (1.0 eq.) was dissolved in toluene together with [Pd(dppf)Cl,] (0.1
eq.). The appropriate boronic ester (22 or 23) (1.0 eq.) was then added, followed by
KF (5.0 eq.) and ethanol. The resulting mixture was heated at 78°C and stirred for 5-
16h, then allowed to cool to room temperature and filtered over a short pad of
Celite®. After evaporation of the solvent, the crude product was purified by flash
column chromatography.

4-(Hexylthio)-N-(4-(hexylthio)phenyl)-N-(4-(8-(5-(8-iodo-3,3-dipentyl-3,4-dihydro-
2H-thienol[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl})-3,3-dipentyl-3,4-
dihydro-2Hthieno[3,4-b][1,4]dioxepin-6-yl)phenyl)aniline (37)

Hy3CeS Hi1Cs CsHy4
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Diiodide 11 (750 mg, 0.76 mmol) was dissolved in toluene (15 mL) with [Pd(dppf)Cl,]
(56 mg, 0.08 mmol) and reacted with 4-(hexylthio)-N-(4-(hexylthio)phenyl)-N-(4-
(4,4,5,5,-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (22, 461 mg, 0.76 mmol),
KF (222 mg, 3.82 mmol) and ethanol (15 mL) at 78°C for 5h, then a second portion of
[Pd(dppf)Cl,] (28 mg, 0.04 mmol) was added and stirring was continued for 2 hours.
After work-up, evaporation of the solvent gave a dark-red oil which was purified by
flash column chromatography (SiO,, petroleum ether / toluene 2:1 to 1:1) to give
pure 37 (178 mg, 0.13 mmol, 18% vyield) as a sticky orange solid, as well as starting
material 11 (495 mg, 66% recovery).

(37): 'H-NMR (400 MHz, CeD): & = 7.81 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.4 Hz, 4H),
7.04 (d, J = 8.8 Hz, 2H), 6.96 (d, J = 8.0 Hz, 4H), 3.68 (s, 2H), 3.62 (s, 2H), 3.53 (s, 2H),
3.48 (s, 2H), 2.70 (t, J = 7.2 Hz, 4H), 1.55 (q, J = 7.6 Hz, 4H), 1.04-1.38 (m, 44H), 0.91
(m, 12H), 0.84 (t, J = 6.8 Hz, 6H) ppm. C-NMR (100 MHz, C¢D¢): & = 160.0, 159.3,
158.8, 152.4, 151.3, 151.1, 149.8, 147.3, 147.2, 147.0, 145.8, 145.7, 131.9, 131.2,
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125.4, 124.6, 123.7, 122.9, 115.1, 77.9, 77.7, 77.6, 61.4, 43.7, 43.6, 34.6, 33.0, 32.9,
32.3,32.1,31.7, 29.6, 28.8, 22.93, 22.91, 22.89, 22.8, 22.7, 14.3, 14.2 ppm. IR (KBr): ¥
= 3025, 2928, 2857, 1587, 1490, 1060 cm™*. ESI-MS: m/z = 1332.11 [M+1]".

3-(8-(5-(8-lodo-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo
[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-10-
(4-methoxyphenyl)-10H-phenothiazine (38)
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Diiodide 11 (750 mg, 0.76 mmol) was dissolved in toluene (15 mL) with [Pd(dppf)Cl,]
(56 mg, 0.08 mmol) and reacted with 10-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-10H-phenothiazine (23) (329 mg, 0.76 mmol), KF (222 mg,
3.82 mmol) and ethanol (15 mL) at 78°C for 5h, then a second portion of
[Pd(dppf)Cl,] (28 mg, 0.04 mmol) was added and stirring was continued for further
16h. After work-up, evaporation of the solvent gave a dark-red oil which was purified
by flash column chromatography (SiO,, petroleum ether / toluene 2:1 to 1:1) to give
pure 38 (102 mg, 0.09 mmol, 12% yield) as a sticky orange solid, as well as starting
material 11 (117 mg, 16% recovery).

(38): *H-NMR (400 MHz, C¢D¢): 8= 7.85 (d, J = 2.1 Hz, 1H), 7.33 (dd, J = 8.7 Hz, J = 2.1
Hz, 1H), 6.94 (d, J = 8.9 Hz, 2H), 6.91 (dd, J = 7.5 Hz, J = 1.6 Hz, 1H), 6.74 (d, J = 8.9 Hz,
2H), 6.63-6.69 (m, 1H), 6.57-6.61 (m, 1H), 6.23 (dd, J = 8.2 Hz, J = 1.2 Hz, 1H), 6.19 (d,
J=8.7 Hz, 1H), 3.72 (s, 2H), 3.58 (s, 4H), 3.51 (s, 2H), 3.29 (s, 3H), 0.98-1.36 (m, 32H),
0.93 (t, J = 7.1 Hz, 6H), 0.91 (t, J = 7.3 Hz, 6H) ppm. *C-NMR (100 MHz, C¢De): & =
160.0, 159.7, 158.7, 152.4, 151.3, 151.0, 149.7, 147.0, 145.6, 144.8, 144.5, 133.4,
132.5, 127.1, 125.9, 125.4, 123.8, 122.9, 120.7, 120.1, 116.2, 114.8, 78.0, 77.8, 77.7,
77.6, 61.3, 55.1, 43.74, 43.71, 33.0, 32.9, 32.4, 32.1, 23.0, 22.9, 22.8, 22.7, 14.4, 14.3
ppm. IR (KBr): ¥ = 3064, 2928, 2857, 1510, 1461, 1057 cm™. ESI-MS: m/z = 1160.06
(M]".
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General procedure for cross-coupling with 5-formylthiophen-2-ylboronic acid (42).

Compound 9 or 36—38 (1.0 eq.) was dissolved in anhydrous toluene together with
[Pd(dppf)Cl,] (0.05 eq.) and introduced in a microwave vial equipped with a magnetic
stirrer. Boronic acid 42 (1.5 eq.) and KF (6.0 eq.) were dissolved in MeOH and the
resulting pink solution was transferred into the microwave vial. The reaction mixture
was heated under microwave irradiation at 70°C for 30 min. After cooling to room
temperature, the reaction mixture was diluted with water (30 mL) and CH,Cl, (30
mL), the layers were separated and the aqueous layer was extracted with CH,Cl, (20
mL). The combined organic layers were washed with brine (50 mL) and dried with
Na,SO,. Removal of the solvent in vacuo yielded a black solid, which was purified by
flash column chromatography.

5-(8-(5-(8-(4-(Diphenylamino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b]
[1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-dihydro-2H-thieno
[3,4-b][1,4]dioxepin-6-yl)thiophene-2-carbaldehyde (7)
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Compound 9 (123 mg, 0.11 mmol) and [Pd(dppf)Cl,] (5 mg, 0.006 mmol) were
dissolved in toluene (6.0 mL) and reacted with 5-formyl-2-thiopheneboronic acid (42)
(26 mg, 0.17 mmol) and KF (39 mg, 0.67 mmol) in MeOH (3.0 mL) under microwave
irradiation at 70°C for 30 min. Work-up and evaporation of the solvent yielded a
black solid, which was purified by flash column chromatography (SiO,, toluene /
petroleum ether 3:1) to give compound 7 (89 mg, 0.08 mmol, 74% yield) as a dark-
red solid.

(7): mp = 229-231 °C. *H-NMR (400 MHz, CDCl5): & = 9.89 (s, 1H), 7.67 (d, J = 4.1 Hz,
1H), 7.63 (d, J = 8.8 Hz, 2H), 7.26-7.32 (m, 5H), 7.13 (d, J = 8.5 Hz, 4H), 7.03-7.07 (m,
4H), 4.16 (s, 4H), 4.13 (s, 2H), 4.02 (s, 2H), 1.46-1.52 (m, 8H), 1.29-1.36 (m, 24H),
0.89-0.94 (m, 12H) ppm. C-NMR (100 MHz, CDCl,): & = 183.0, 160.1, 157.9, 151.1,
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150.5, 149.6, 148.1, 147.5, 147.4, 147.3, 145.1, 144.1, 142.0, 136.7, 129.5, 127.7,
126.2, 125.0, 124.6, 123.8, 123.5, 122.9, 117.0, 116.9, 113.5, 78.4, 78.1, 77.9, 44.2,
44.0, 32.8, 32.7, 32.2, 32.1, 29.8, 22.7, 14.2 ppm. IR (KBr): # = 3025, 2928, 2857,
1654, 1054 cm™. ESI-MS: m/z = 1083.62 [M]".

5-(8-(5-(8-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophene-2-carbaldehyde (39)
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Compound 36 (187 mg, 0.14 mmol) and [Pd(dppf)Cl,] (6 mg, 0.007 mmol) were
dissolved in toluene (4.0 mL) and reacted with 5-formyl-2-thiopheneboronic acid (42)
(42 mg, 0.22 mmol) and KF (50 mg, 0.86 mmol) in MeOH (2.0 mL) under microwave
irradiation at 70°C for 30 min. Work-up and evaporation of the solvent yielded a
black solid, which was purified by flash column chromatography (SiO,, toluene /
petroleum ether 3:1) to give compound 39 (116 mg, 0.09 mmol, 63% yield) as a dark-
red sticky solid.

(39): "H-NMR (400 MHz, C¢Dg): & = 9.57 (s, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.10-7.17 (m,
6H), 6.97 (d, J = 4.0 Hz, 1H), 6.90 (d, J = 4.0 Hz, 1H), 6.82 (d, J = 8.8 Hz, 4H), 3.78 (s,
2H), 3.64-3.68 (m, 8H), 3.60 (s, 2H), 1.63 (q, J = 8.8 Hz, 4H), 1.02-1.41 (m, 44H), 0.93
(t, J = 7.1 Hz, 12H), 0.88 (t, J = 6.8 Hz, 6H) ppm. *C-NMR (100 MHz, C¢D¢): & = 182.2,
160.6, 158.2, 156.4, 152.0, 151.2, 150.2, 149.1, 148.6, 147.5, 145.3, 143.4, 143.0,
140.9, 136.1, 127.3, 126.6, 125.8, 125.2, 123.8, 120.6, 117.7, 117.6, 115.8, 114.3,
78.1, 78.0, 77.7, 77.6, 68.2, 43.7, 33.0, 32.9, 32.3, 32.2, 32.0, 30.2, 29.7, 26.1, 23.0,
22.9,22.8,22.7,14.3, 14.2 ppm. IR (KBr): ¥ = 3036, 2929, 2857, 1655, 1438, 1054 cm”
! ESI-MS: m/z = 1285.40 [M+1]".
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5-(8-(5-(8-(4-(Bis(4-(hexylthio)phenyl)amino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophene-2-carbaldehyde (40)
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Compound 37 (160 mg, 0.12 mmol) and [Pd(dppf)Cl,] (5 mg, 0.006 mmol) were
dissolved in toluene (6.0 mL) and reacted with 5-formyl-2-thiopheneboronic acid (42)
(35 mg, 0.18 mmol) and KF (42 mg, 0.72 mmol) in MeOH (3.0 mL) under microwave
irradiation at 70°C for 30 min. Work-up and evaporation of the solvent yielded a
black solid, which was purified by flash column chromatography (SiO,; Toluene) to
give compound 40 (90 mg, 0.07 mmol, 57% yield) as a dark-red sticky solid.

(40): *H-NMR (400 MHz, C¢Dg): 8= 9.57 (s, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.24 (d, J = 8.6
Hz, 4H), 7.05 (d, J = 8.7Hz, 2H), 6.97 (d, J = 8.6 Hz, 4H), 6.94 (d, J = 4.0 Hz, 1H), 6.87 (d,
J= 4.0 Hz, 1H), 3.73 (s, 2H), 3.64 (s, 2H), 3.61 (s, 2H), 3.55 (s, 2H), 2.70 (t, J = 7.3 Hz,
4H), 1.56 (q, J = 7.5 Hz, 4H), 0.96-1.41 (m, 44H), 0.93 (t, J = 7.0 Hz, 12H), 0.85 (t, J =
7.0 Hz, 6H) ppm. C-NMR (100 MHz, C¢D): & = 182.2, 160.3, 158.4, 151.9, 151.4,
150.0, 148.7, 147.5, 147.4, 145.7, 143.4, 143.0, 136.1, 132.0, 131.2, 131.0, 127.4,
125.7, 125.5, 124.9, 123.8, 123.6, 117.7, 117.6, 115.0, 78.2, 78.0, 77.7, 43.8, 34.6,
33.0,32.96, 32.4, 32.3,31.7, 29.6, 28.8, 22.95, 22.93, 22.85, 22.78, 14.4, 14.3 ppm. IR
(KBr): ¥ = 3025, 2924, 2852, 1653, 1438, 1057 cm™™. ESI-MS: m/z = 1315.27 [M]".
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5-(8-(5-(8-(10-(4-Methoxyphenyl)-10H-phenothiazin-2-yl)-3,3-dipentyl-3,4-dihydro-
2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl})-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophene-2-carbaldehyde (41).
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Compound 38 (97 mg, 0.08 mmol) and [Pd(dppf)Cl,] (3.0 mg, 0.004 mmol) were
dissolved in toluene (4.0 mL) and reacted with 5-formyl-2-thiopheneboronic acid (42)
(19 mg, 0.12 mmol) and KF (29 mg, 0.50 mmol) in MeOH (2.0 mL) under microwave
irradiation at 70°C for 30 min. Work-up and evaporation of the solvent yielded a
black solid, which was purified by flash column chromatography (SiO,; Toluene) to
give compound 41 (70 mg, 0.06 mmol, 73% yield) as a dark-red sticky solid.

(41): mp = 232-235 °C. *H-NMR (400 MHz, C¢D¢): & = 9.57 (s, 1H), 7.87 (d, J = 2.1 Hz,
1H), 7.33 (dd, J = 8.7 Hz, J = 2.1 Hz, 1H), 6.90-6.97 (m, 4H), 6.88 (d, J = 4.0 Hz, 1H),
6.75 (d, J = 8.9 Hz, 2H), 6.64—6.69 (m, 1H), 6.56-6.62 (m, 1H), 6.25 (dd, J = 8.2 Hz, J =
1.2 Hz, 1H), 6.20 (d, J = 8.6 Hz, 1H), 3.72 (s, 2H), 3.61 (s, 2H), 3.57 (s, 2H), 3.54 (s, 2H),
3.29 (s, 3H), 1.15-1.36 (m, 24H), 1.00-1.13 (m, 8H), 0.94 (t, J = 7.2 Hz, 6H), 0.93 (t, J =
7.2 Hz, 6H) ppm. C-NMR (100 MHz, C¢De): & = 182.2, 160.3, 159.7, 158.3, 152.0,
151.3, 150.0, 148.6, 147.5, 145.7, 144.8, 144.6, 143.4, 143.0, 136.1, 133.3, 132.4,
127.2, 125.9, 125.4, 124.2, 123.8, 123.0, 120.8, 120.0, 117.7, 116.22, 116.19, 114.7,
78.2, 78.0, 77.8 (x2), 55.0, 43.72, 43.70, 33.01, 32.96, 32.4, 32.2, 23.0, 22.9, 22.83,
22.77, 14.4 ppm. IR (KBr): ¥ = 3064, 2929, 2857, 1661, 1439, 1055 cm . ESI-MS: m/z
= 1158.20 [M+CH,]".

2,3-Dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (43)
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3,4-Ethylenedioxythiophene (EDOT, 2.00 g, 14.1 mmol, 1.0 eq.) was dissolved in THF
(30 mL), then, after cooling to =78 °C, a 1.6 M solution of n-Buli in hexane (16.9
mmol, 10.6 mL, 1.2 eq.) was added dropwise. The resulting mixture was left under
stirring at —78 °C for 2 hours, then N,N-DMF (2.06 g, 28.2 mmol, 2.17 mL, 2.0 eq.) was
added. The reaction mixture was allowed to return to room temperature and left
under stirring for 16 h. Water (120 mL) was added to induce precipitation of the
crude product, which was isolated by vacuum filtration. Recrystallization by ethanol
afforded product 43 (2.23 g, 13.1 mmol, 93% yield) as a light yellow solid.

(43) *H-NMR (300 MHz, CDCly): & = 9.89 (s, 1H), 6.79 (s, 1H), 4.35 (m, 2H), 4.26 (m
2H) ppm. Analytical data were in agreement with those found in the literature.”

7-(Tributylstannyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (44)

Vi

/\/Sn

2,3-Dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (43, 900 mg, 5.29 mmol, 1.0
eq.) was dissolved in a mixture of anhydrous chloroform (10 mL) and anhydrous
methanol (25 mL). Trimethyl orthoformate (842 mg, 7.93 mmol, 1.5 eq.) and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 60 mg, 0.26 mmol, 0.05 eq.) were
added and the reaction mixture was stirred at 50°C for 2 h. The solvent was removed
and anhydrous THF (30 mL) was added. The resulting solution was cooled to —78°C
and reacted with n-Buli (1.6 M solution in hexanes, 4.96 mL, 7.93 mmol, 1.5 eq.).
After stirring at —78°C for 2 h, tributylstannyl chloride (3.44 g, 10.6 mmol, 2.0 eq.)
was added. The reaction mixture was warmed to room temperature and stirred for
16 h, then KHSO, was added (40 mL, 2.5 M solution in water) and stirring was
continued for further 2 h. After dilution with CH,Cl, (150 mL) and Na,CO; (150 mL,
0.1 M solution in water), the layers were separated and the organic phase washed
with brine (100 mL) and dried with Na,SO,. Evaporation of the solvent yielded a dark
oil, which was purified by column chromatography (SiO,; petroleum ether / AcOEt
8:1) to afford compound 44 (1.62 g, 3.53 mmol, 67% yield) as a light yellow oil.

(44): 'H-NMR (300 MHz, CDCl;): & = 9.80 (s, 1H), 4.29-4.34 (m, 2H), 4.20-4.24 (m,
2H), 1.52-1.59 (m, 6H), 1.28-1.36 (m, 6H), 1.12-1.19 (m, 6H), 0.85—0.93 (m, 9H) ppm.
BC-NMR (100 MHz, CDCl3): & = 179.4, 148.5, 147.6, 125.5, 124.0, 65.3, 64.4, 29.0,
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27.3, 13.8, 10.9 ppm. IR (KBr): ¥ = 2957, 2924, 2846, 1649, 1469, 1083 cm ™. ES-MS:
m/z = 461.08 [M+1]".

7-(8-(5-(8-(4-(Diphenylamino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b]
[1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-dihydro-2H-thieno
[3,4-b][1,4]dioxepin-6-yl)-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde
(45).
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Compound 9 (200 mg, 0.18 mmol) was dissolved in toluene (8.0 mL) together with 7-
tributylstannyl-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (44) (125 mg,
0.27 mmol, 1.5 eq.), and [Pd(PPh;),] (11 mg, 0.009 mmol, 0.05 eq.). The resulting
mixture was stirred at 110°C for 24h, then it was allowed to cool to room
temperature and diluted with H,0 (150 mL) and CH,Cl, (150 mL). The phases were
separated and the organic layer was washed with brine (200 mL) and dried with
Na,SO,. After filtration and evaporation of the solvent, a dark-red oil was obtained,
which was purified by flash column chromatography (SiO,; Toluene) to give
compound 45 (154 mg, 0.13 mmol, 74% yield) as a dark red solid.

(45): mp = 305-306 °C. *H-NMR (300 MHz, CDCls): &= 9.87 (s, 1H), 7.62 (d, J = 9.0 Hz,
2H), 7.25-7.32 (m, 4H), 7.10-7.17 (m, 4H), 7.10-7.17 (m, 4H), 4.43 (s, 4H), 4.16 (s,
2H), 4.14 (s, 2H), 4.09 (s, 2H), 4.02 (s, 2H), 1.43-1.59 (m, 8H), 1.26-1.40 (m, 24H),
0.86-0.994 (m, 12H) ppm. *C-NMR (75 MHz, CDCls): & = 180.0, 159.7, 158.5, 150.9,
150.5, 149.5, 147.9, 147.8, 147.5, 147.1, 145.1, 137.7, 129.5, 127.7, 126.3, 125.0,
124.5, 123.5, 123.0, 121.0, 117.9, 116.3, 115.4, 113.7, 78.4, 78.3, 78.0, 77.9, 65.4,
65.0, 44.1, 44.0, 32.8, 32.7, 32.3, 32.1, 29.8, 22.7, 14.2 ppm. IR (KBr): ¥ = 3034, 2928,
2857, 1638, 1459, 1061 cm ™. ESI-MS: m/z = 1142.37 [M]".

117



Chapter 4

General procedure for Knoevenagel condensation with cyanoacetic acid

In a Schlenk flask equipped with a magnetic stirrer aldehyde 7, 39-41 or 45 (1.0 eq.)
was dissolved in toluene together with cyanoacetic acid (10.0 eq.), ammonium
acetate (4.0 eq.), and glacial acetic acid. The reaction mixture was stirred at 110°C for
6 h, then cooled to room temperature and diluted with CHCl; (150 mL). The organic
phase was washed with a saturated solution of NaHCO; (100 mL) and brine (100 mL),
and then it was dried with Na,SO, Evaporation of the solvent gave a black solid,
which was purified by consecutive washing with ethyl acetate, methanol and pentane
and dried under vacuum.

2-Cyano-3-(5-(8-(5-(8-(4-(diphenylamino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophen-2-yl)acrylic acid (TTZ3)
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Aldehyde 7 (89 mg, 0.08 mmol), cyanoacetic acid (70 mg, 0.82 mmol) and ammonium
acetate (25 mg, 0.33 mmol) were dissolved in toluene (4.0 mL) and glacial acetic acid
(6.0 mL). The reaction mixture was stirred at 110°C for 6 h. Work-up and purification
afforded compound TTZ3 (80 mg, 0.07 mmol, 84% yield) as a dark solid.

(TTZ3): mp = 288-291 °C. 'H-NMR (400 MHz, THF-dg): & = 8.31 (s, 1H), 7.83 (d, J = 4.2
Hz, 1H), 7.64 (d, J = 8.8 Hz, 2H), 7.44 (d, J = 4.1 Hz, 1H), 7.23-7.30 (m, 4H), 7.09-7.12
(m, 4H), 7.00-7.08 (m, 4H), 4.28 (s, 2H), 4.24 (s, 2H), 4.22 (s, 2H), 4.06 (s, 2H), 1.52—
1.59 (m, 8H), 1.28-1.42 (m, 24H), 0.89-0.96 (m, 12H) ppm. *C-NMR (100 MHz, THF-
dg): & = 160.2, 158.2, 151.7, 151.1, 150.4, 149.1, 148.3, 148.0, 145.9, 143.9, 138.0,
136.3, 130.0, 128.2, 127.2, 125.5, 125.2, 125.0, 124.0, 123.4, 117.9, 117.8, 116.7,
116.6, 114.5, 78.9, 78.8, 78.5, 78.4, 44.7, 44.5, 33.50, 33.48, 32.8, 23.2, 14.2 ppm. IR
(KBr): ¥ = 3025, 2928, 2578, 2217, 1689, 1058 cm ™. ESI-MS: m/z = 1151.47 [M]". Anal.
caled. for CgsH70N4O6Ss: C, 66.75; H, 6.13; N, 4.87. Found: C, 66.46; H, 6.35; N, 4.52.
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3-(5-(8-(5-(8-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-dihydro
-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophen-2-yl)-2-cyanoacrylic acid (TTZ4)

H;3Ce0 Hy1Cs CoHayq

H43C0

TTZ4
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Aldehyde 39 (108 mg, 0.08 mmol), cyanoacetic acid (72 mg, 0.84 mmol) and
ammonium acetate (26 mg, 0.34 mmol) were dissolved in toluene (5.0 mL) and
glacial acetic acid (7.0 mL). The reaction mixture was stirred at 110°C for 4 h. Work-
up and purification afforded compound TTZ4 (103 mg, 0.08 mmol, 90% vyield) as a
dark sticky solid.

(TTZ4): *H-NMR (400 MHz, THF-dg): & = 8.33 (s, 1H), 7.85 (d, J = 4.2 Hz, 1H), 7.56 (d, J
= 8.8 Hz, 2H), 7.46 (d, J = 4.1 Hz, 1H), 7.04 (d, J = 8.9 Hz, 4H), 6.85 (d, J = 8.9 Hz, 6H),
4.27 (s, 2H), 4.23 (s, 2H), 4.22 (s, 2H), 4.04 (s, 2H), 3.94 (t, J = 6.4 Hz, 4H), 1.73-1.79
(m, 4H), 1.32-1.60 (m, 44H), 0.90-0.95 (m, 18H) ppm. *C-NMR (100 MHz, THF-ds): &
= 164.0, 160.3, 158.0, 156.9, 151.7, 151.0, 150.5, 149.4, 149.0, 148.0, 146.0, 145.4,
144.1, 140.9, 138.2, 136.1, 128.0, 127.6, 125.9, 124.91, 124.89, 120.0, 117.84,
117.77, 116.6, 115.9, 113.8, 99.1, 78.9, 78.8, 78.4, 78.3, 68.6, 44.7, 44.5, 33.51,
33.49, 32.80, 32.75, 32.4, 30.1, 26.6, 23.4, 23.3, 14.3, 14.2 ppm. IR (KBr): ¥ = 3030,
2928, 2852, 2213, 1684, 1505, 1057 cm™. ESI-MS: m/z = 1351.38 [M+1]". Anal. calcd.
for Cs6HeaN4OgSs: C, 67.52; H, 7.01; N, 4.14. Found C, 66.98; H, 7.11; N, 4.08.
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3-(5-(8-(5-(8-(4-(Bis(4-(hexylthio)phenyl)amino)phenyl)-3,3-dipentyl-3,4-dihydro-
2H-thienol[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl})-3,3-dipentyl-3,4-

dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophen-2-yl)-2-cyanoacrylic acid
(TTZ5)
H;3CgS
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Aldehyde 40 (84 mg, 0.06 mmol), cyanoacetic acid (54 mg, 0.64 mmol) and
ammonium acetate (20 mg, 0.25 mmol) were dissolved in toluene (3.0 mL) and
glacial acetic acid (3.0 mL). The reaction mixture was stirred at 110°C for 3 h. Work-
up and purification afforded compound TTZ5 (85 mg, 0.06 mmol, 97% yield) as a dark
sticky solid.

(TTZ5): "H-NMR (400 MHz, THF-dg): & = 8.30 (s, 1H), 7.83 (d, J = 4.0 Hz, 1H), 7.64 (d, J
= 8.6 Hz, 2H), 7.43 (d, J = 4.0 Hz, 1H), 7.26 (d, J = 8.5 Hz, 4H), 7.00-7.05 (m, 6H), 4.28
(s, 2H), 4.24 (s, 2H), 4.22 (s, 2H), 4.06 (s, 2H), 2.90 (t, J = 7.3 Hz, 4H), 1.62-1.68 (m,
4H), 1.53-1.59 (m, 8H), 1.27-1.51 (m, 36H), 0.88-0.95 (m, 18H) ppm. *C-NMR (100
MHz, THF-dg): d = 164.0, 160.1, 158.2, 151.7, 151.1, 150.3, 149.1, 148.0, 147.7, 146.0,
145.9, 144.0, 138.2, 136.2, 132.3, 131.3, 128.2, 127.4, 125.7, 125.0, 124.9, 123.5,
117.9, 117.7, 116.7, 114.5, 99.2, 78.9, 78.8, 78.5, 78.3, 67.8, 44.7, 44.5, 34.6, 33.50,
33.49, 32.8, 32.7, 32.2, 30.0, 29.2, 23.27, 23.26, 14.3, 14.2 ppm. IR (KBr): ¥ = 3020,
2924, 2857, 2213, 1678, 1563, 1407, 1057 cm ™. ESI-MS: m/z = 1383.89 [M+1]". Anal.
calcd. for Cs6Hq4N4O6S5: C, 65.95; H, 6.85; N, 4.05. Found: C, 65.69; H, 6.94; N, 4.00.
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2-Cyano-3-(7-(8-(5-(8-(4-(diphenylamino)phenyl)-3,3-dipentyl-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-dipentyl-3,4-
dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl})-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)acrylic acid (TTZ6)

Hy1C5 CsHyy

Aldehyde 45 (102 mg, 0.09 mmol), cyanoacetic acid (76 mg, 0.89 mmol, 10.0 eq.) and
ammonium acetate (28 mg, 0.36 mmol, 4.0 eq.) were dissolved in toluene (3.0 mL)
and glacial acetic acid (4.0 mL). The reaction mixture was stirred at 110°C for 3 h.
Work-up and purification afforded compound TTZ6 (102 mg, 0.08 mmol, 94% yield)
as a dark amorphous solid.

(TTZ6): mp = 292-294 °C. "H-NMR (300 MHz, THF-d;): &= 8.30 (s, 1H), 7.65 (d, J = 8.8
Hz, 2H), 7.27 (m, 4H), 7.10 (d, J = 7.7 Hz, 4H), 7.04 (m, 4H), 4.49 (s, 4H), 4.25 (s, 4H),
4.18 (s, 2H), 4.07 (s, 2H), 1.48-1.64 (m, 8H), 1.32—-1.46 (m, 24H), 0.87—0.99 (m, 12H).
IR (KBr): # = 3025, 2928, 2578, 2217, 1689, 1058 cm ™. ESI-MS: m/z = 1209.42 [M]".
Anal. calcd. for CgH72N408Ss: C, 65.53; H, 6.00; N, 4.63. Found: C, 66.17; H, 6.35; N,
4.32.

Note: due to its limited solubility in a vast range of organic solvents, a >C-NMR
spectrum of compound TTZ6 could not be recorded.
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2-Cyano-3-(5-(8-(5-(8-(10-(4-methoxyphenyl)-10H-phenothiazin-3-yl)-3,3-dipentyl-
3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiazolo[5,4-d]thiazol-2-yl)-3,3-
dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)thiophen-2-yl)acrylic acid
(TTZ7).
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Aldehyde 41 (70 mg, 0.06 mmol), cyanoacetic acid (52 mg, 0.61 mmol, 10.0 eq.) and
ammonium acetate (19 mg, 0.24 mmol, 4.0 eq.) were dissolved in toluene (3.0 mL)
and glacial acetic acid (3.0 mL). The reaction mixture was stirred at 110°C for 5 h.
Work-up and purification afforded compound TTZ7 (67 mg, 0.05 mmol, 91% yield) as
a dark solid.

(TTZ7): mp = 277279 °C. *H-NMR (400 MHz, THF-ds): & = 8.30 (s, 1H), 7.83 (d, J = 4.1
Hz, 1H), 7.43 (d, J = 4.1 Hz, 1H), 7.38 (d, J = 2.0 Hz, 1H), 7.32 (d, J = 8.8 Hz, 2H), 7.17-
7.24 (m, 3H), 6.95 (dd, J = 7.3 Hz, ) = 1.6 Hz, 1H), 6.75 — 6.82 (m, 2H), 6.18 (d, J = 8.9
Hz, 1H), 6.15 (d, J = 8.7 Hz, 1H), 4.27 (s, 2H), 4.23 (s, 2H), 4.21 (s, 2H), 4.05 (s, 2H),
3.82 (s, 3H), 1.50-1.63 (m, 8H), 1.25-1.46 (m, 24H), 0.89-0.96 (m, 12H) ppm. “C-
NMR (100 MHz, THF-dg): & = 164.0, 160.6, 160.1, 158.1, 151.7, 151.1, 150.3, 149.1,
148.0, 146.0, 145.9, 144.9, 144.8, 144.0, 138.2, 136.2, 133.7, 132.8, 127.6, 127.5,
127.1, 125.9, 124.9, 124.8, 124.2, 123.1, 120.6, 119.9, 117.9, 117.8, 116.7, 116.4,
116.2, 114.4, 99.2, 78.9, 78.8, 78.5, 78.4, 55.6, 44.7, 44.5, 33.8, 33.52, 33.49, 32.8,
31.6, 30.5, 23.3, 14.3 ppm. IR (KBr): ¥ = 2957, 2862, 2213, 1560, 1415, 1096 cm™™. ESI-
MS: m/z = 1211.34 [M]". Anal. calcd. for CesHyoN4O;Se: C, 64.43; H, 5.82; N, 4.62.
Found: C, 63.97; H, 5.90; N, 4.58.
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4.3.2. Electrochemical characterization

Cyclic voltammetry measurements were carried out in commercially available
anhydrous 99.9%, HPLC grade dichloromethane for electrochemistry. The supporting
electrolyte used was electrochemical grade [N(Bu)s]PFs. Cyclic voltammetry was
performed in a three-electrode C-3 BAS Cell having a glassy carbon working
electrode, a platinum counter electrode and the aqueous Ag/AgCl NaCl (3M)
reference electrode. A BAS 100A electrochemical analyzer was used as a polarizing
unit. Under these experimental conditions, the one-electron oxidation of ferrocene
occursatE*'=+0.42 V.

4.3.3. Measurement of the density of adsorbed dyes on
TiO2

A nanocrystalline TiO, electrode (surface area 0.88 cm?) similar to those used for the
photovoltaic measurements was immersed in 1.0 x 10 M solutions of dyes TTZ3-7 in
THF at room temperature for 16 h. The stained electrode was removed from the
solution, washed with EtOH, dried under a stream of nitrogen and immersed in 5 mL
of a 0.1 M KOH solution in THF/MeOH 9:1 at room temperature until full
discoloration was observed. The absorbance of the resulting orange-yellow solution
was measured by UV-Vis spectroscopy and compared to that of a standard solution
of sensitizer in the same solvent/base mixture. The amount of dye present in the
unknown solution was calculated and divided by the electrode surface area, yielding
the density values.

4.3.4. DSSC fabrication and photoelectrochemical
measurements

Transparent photoanodes for small-scale DSSCs were prepared by screen-printing a
commercial TiO, paste (Dyesol 18NR-T) on a 8 Q sq™* conductive glass substrate
(Pilkington), and by sintering the resulting electrodes at 520 °C for 30 minutes. After
sintering, the thickness of the semiconductor layer was measured by means of a
profiler (Dektak 150, Veeco) and determined to be 5.5 um. Opaque photoanodes
were obtained following an analogous procedure, but using a different commercial
titania paste (Dyesol 18NR-AQ); their final thickness was 6.5 um. In both cases, the
electrode active area was 0.25 cm®. Counter electrodes were obtained by screen
printing a commercial platinum-containing paste (Chimet) on pre-drilled conductive

123



Chapter 4

glass plates and by heating at 420 °C for 15 minutes. TiO, photo-electrodes were
sensitized by overnight immersion at room temperature into the appropriate dye
solution (0.1 mM in THF for dyes TTZ3-7, 0.2 mM in EtOH for dye D5, 0.3 mM in
EtOH for dye Z907), either in the absence or in the presence of 1 mM
chenodeoxycholic acid (CDCA). After sensitization, the anodes were rinsed with EtOH
and deionized water, and then dried. A TiO,-sensitized photoanode and a Pt counter
electrode were assembled into a sealed sandwich-type cell using a 25 um hot-melt
Surlyn® gasket (Solaronix). A drop of the I"/l;” containing commercial HPE electrolyte
solution (Dyesol) was placed on the drilled hole on the back of the counter electrode
and was driven into the cell by vacuum backfilling. The hole was finally sealed by
using additional sealing film and a small glass cover. Fabrication of strip cells (3.6 cm?
active area) was carried out following the same procedure, except that only
transparent photoanodes were prepared, in a thickness of 3 and 5 um, and a
different electrolyte (Dyesol HSE) was used to fill the cells. Sensitization of the
photoanodes with standard sensitizer D35 was performed using a 0.3 mM solution of
the dye in 1-methoxy-2-propanol. The devices underwent photovoltaic
characterization by using a AM 1.5G solar simulator equipped with a Xenon lamp
(KHS Solar Constant 1200). The measurements were performed with a power of
incoming radiation of 100 mW cm™. J/V curves were obtained by applying an
external bias to the cell and measuring the generated photocurrent with a
Keithleymodel 2400 digital source-meter, under the control of dedicated LabTracer
2.0 software. A black shading mask was used to avoid overestimation of the
measured parameters. IPCE spectra were measured with a dedicated apparatus built
with the following components: Newport model 70612 Xenon lamp (150 W),
Cornerstone 130 1/8 m monochromator and Keithley model 2400 digital source-
meter. Electrochemical impedance spectroscopy (EIS) measurements were
performed in the dark using a AUTOLAB 302N potentiostat (Metrohm) equipped with
a Nova electrochemical interface system, working at —0.80 V, —0.60 V and —0.45 V
forward bias. The spectra were recorded over a frequency range of 10" Hz to 10> Hz
with an amplitude of 10 mV. Data fitting was carried out using the EC-Lab software
(v9.46).
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5.1. Introduction and aim of the work

The solar cells built with dyes TTZ3-7 described in the previous chapter, besides being
highly transparent, recorded also remarkable results in terms of efficiency and
stability. Nevertheless, the major drawback of those sensitizers was their inability to
absorb light (Figure 4.8) in the red/near infrared (NIR) region of the solar spectrum;
consequently, their IPCE spectrum (Figure 4.11b) showed quite a steep decrease of
the incident photon-to-current conversion efficiency above 600 nm, with the onset
around 700 nm. Accordingly, if we were able to synthesize dyes with an extended
absorption in the red/NIR light regions (A, = 600-800 nm), which corresponds to
approximately 45% of total solar irradiance, higher photocurrents and improved
efficiencies could be obtained." Besides, dyes featuring such properties would be very
attractive from an aesthetic point of view due to their blue/green color, which is
relatively unusual among commercial sensitizers® and quite sought after by
professionals working in the BIPV sector.

Few dyes are currently reported to show a strong absorption of solar light in the
red/NIR region thanks to presence of particular chromophores, such as squaraine,
perylene,’ BODIPY® and cyanine® (Figure 5.1).

L 0 I Gk
OO T
o o e F RS
squaraine perylene BODIPY cyanine

Figure 5.1. Structures of some NIR chromophores.

Squaraine-based sensitizers have recently received great attention owing to their
excellent absorption features (600 < A < 750 nm; € up to 3.0 x 10° M ecm™). The
first examples of symmetrical squaraine dyes recorded quite low efficiency values (up
to 3.0-3.5%), while better results were obtained with asymmetrical squaraine dyes
featuring a D-Ti-A structure, such as dye DTS-CA’ (Figure 5.2), whose cells showed a
remarkable n of 8.9% with an impressive photocurrent of 19.1 mA cm™. Generally,
squaraine-based dyes showed tricky synthetic processes as well as a fast
decomposition once adsorbed on the TiO, layer. Dyes containing the other functional
groups depicted in Figure 5.1 showed intense, but too narrow absorption bands in
the red/NIR region; in addition to this drawback, when employed in DSSCs, high
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recombination rates and the aggregation of the dyes on the TiO, surface usually led
to devices with low efficiency values.

Figure 5.2. Structure of best-performing squaraine dye DTS-CA.

In 2011, Zhu et al. proposed a new generation of sensitizers based on an alternative
D-A-it-A® design capable of inducing a broad absorption of visible and NIR light.’
Indeed, the introduction of an auxiliary acceptor group in the m-bridge of the
sensitizer can modulate the frontier molecular orbitals energy levels by lowering the
energy of the LUMO and, consequently, reducing the HOMO-LUMO gap. Moreover,
both the HOMO and LUMO orbitals of a D-A-iti-A dye are often distributed on the
acceptor central unit, resulting in a partial superposition which should enhance the
charge transfer from the donor to the acceptor / anchoring group.

Many different auxiliary acceptor groups have been tested (e.g., benzooxadiazole 46,
benzothiadiazole 47, benzotriazole 48 and quinoxaline 49; Figure 5.3), inducing a red-
shift in the absorption spectra of the resulting D-A-1t-A dyes up to 100 nm. In a recent

1.'° compared absorption properties of dyes having the same

review, Gratzel et a
donor, m-bridge and anchor, but different auxiliary acceptor groups (46-49) and
showed that, the larger the electronwithdrawing nature of the additional acceptor

unit, the larger the red shift in the photoresponse.

R R R R
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N ) G O SRV Y
W N N / \ ; O N
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R R
46 (X=0)
47 (X = 8) 49 50 51 52
48 (X = NR)

Figure 5.3. Some examples of auxiliary acceptor units.
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Following these guidelines, more electronwithdrawing units, such as
diketopyrrolopyrrole (50), thiadiazolo[5,4-c]pyridine (51) and isoindigo (52), were
introduced with the aim to shift the maximum light absorption over 600 nm. Some
examples of NIR-absorbing dyes containing 50-52 as acceptor units are depicted in
Figure 5.4. Dye PT2" exhibited a broad absorption spectrum in the visible/NIR region
up to 750 nm and a cell efficiency of 6.7% when used together with an iodine based
redox system and CDCA as a coadsorbent, while isoindigo-based dye 1€D3" showed
the maximum light absorption at 610 nm and its cells yielded a good efficiency of
7.55%. Even better results were obtained with diketopyrrolopyrrole-based dyes
DPP17" and DPP21"; both sensitizers contained an elaborated donor group and
exhibited a broad absorption of red/NIR light and an intense blue color. DPP21
recorded a conversion efficiency value of 7.65%, while an impressive n of 10.1% was
obtained by DPP17-containing cells employing a cobalt-based redox shuttle.

Figure 5.4. Structures of best-performing NIR-absorbing D-A-rt-A dyes.

With the aim of introducing a different auxiliary acceptor unit and build a new family
of NIR-absorbing D-A-1t-A dyes, which could show that blue-green color which is still
a challenge in the field of organic dyes, we focused our attention on the structure of
(E)-3,3"-bifuranylidene-2,2'-dione (53a, Figure 5.5), also known as Pechmann-dye,” a
strong electron-withdrawing system with a brilliant red-purple color, which took its
name from the chemist who synthesized the first derivative in 1882 (R = phenyl).*
For almost 60 years very few papers were published about the chemistry of
Pechmann dyes, but more recently their particular optical properties have attracted
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great interest,”” and the possibility to insert the Pechmann-unit in a much longer
conjugated system has been investigated.

(0]
0]
R~ R
@]
O
53a 53b
R = Ar, HetAr

Figure 5.5. Structure of Pechmann-dye 53a and its isomer 53b.

The molecules depicted in Figure 5.6 have been used as organic semiconductors in
organic field-effect transistors (OFET): Pss-1,"® which contained the typical bis-lactone
system of Pechmann-dye, showed intense light absorption between 500 and 750 nm,
with the maximum peak at 674 nm and € = 6.5 x 10* M~ cm™, while BPD," which is a
nitrogenous analogue of classical Pechmann-dye 53a, absorbed solar light until 800
NM (Amax = 666 NM; € = 5.3 x 10° M™ cm™). Furthermore, the aza-Pechmann unit has
been incorporated in the structure of polymers, which have been used as
semiconductors for OFETs as well.”

CqHg /O

BPD

HgC; CaHs
Figure 5.6. Some conjugated structures containing Pechmann-dye and its aza-derivative.

Since the optical properties of Pss-1 and BPD were very promising, we decided to
design and synthesize a new D-A-m-A molecule containing a Pechmann-dye as
auxiliary acceptor unit (Figure 5.7) aiming to check its optical and electrochemical
properties in view of a possible subsequent use as DSSC sensitizer.
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n-Anchor

Donor

Figure 5.7. Introduction of the Pechmann-unit in D-ni-A structure.

5.2. Results and discussion

5.2.1. Possible synthetic routes for Pechmann-dyes

The first report related to this kind of compounds is due to Von Pechmann,'® who
intended to prepare 1,4-naphtoquinone (55) by dehydration of B-benzoyl-acrylic acid
(54), but, instead of the product, he isolated a brilliant red pigment with the same
empirical formula as 55 (Figure 5.8 left). Von Pechmann gave a careful description of
the product properties, but did not propose a structure for it. Twenty-four years
later, Kozniewski and Marchlewski’' repeated Von Pechmann’s experiments and
suggested that the product was 2,5-dibenzoylbenzoquinone (56, Figure 5.8 right), but
a subsequent synthesis of this compound demonstrated that it was a different
species than the original Pechmann-dye.”

Figure 5.8. Attempt to prepare naphtoquinone 55 by Von Pechmann (left) and wrong suggestion of
the product structure by Kozniewski and Marchlewski (right).

Even earlier, in 1924, Bogert and Ritter” showed that Pechmann product behaved
like a bifunctional lactone and proposed structure 53a, which was officially accepted
in 1944." They also assigned structure 53b (Figure 5.5) to the yellow isomers of the
Pechmann-dyes. Then, in 1951, Fang and Bergmann® reported the first general
procedures for the synthesis of aromatic derivatives of Pechmann-dyes: following
their protocols, we could draw two different retrosynthetic schemes for the
preparation of a D-A-rti-A Pechmann-dye (Scheme 5.1).
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Scheme 5.1. Retrosynthetic analysis of a generic D-A-n-A Pechmann-dye.

Route A was expected to provide the desired structure by condensation of the two
building blocks 1 and Il bearing the appropriate donor and anchor groups
respectively. On the other side (route B), different donor and anchor could be
installed on the common mt-spacer Il through cross-coupling reactions analogously to
the TzTz-synthesis (see Chapter 4), while the Pechmann-unit could be formed by a
condensation/dimerization reaction sequence starting from the compound IV. Since
route A theoretically enabled the synthesis of the desired dye through a convergent
process, we selected this protocol and elaborated the structure of a possible D-A-1t-A
dye (57), which is reported in Figure 5.9.

H13CeO
N
Hy3CeO

Figure 5.9. Selected structure for the synthesis of a Pechmann-containing dye for DSSCs.

In addition to the Pechmann unit, the molecule 57 contained a p-hexyloxy
substituted triarylamine as the donor group, two thiophene rings as m-spacers and
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cyanoacrylic acid as the anchor. An additional alkyl chain was placed on the central
thiophene ring to improve the solubility of the final molecule.

5.2.2. Computational analysis

As already done for dyes TTZ3-7, before to approach the synthesis of such compound
57, a computational analysis was performed, thanks to the collaboration with Dr.
Adalgisa Sinicropi from the University of Siena, in order to predict the absorption
maxima of the dyes and the HOMO-LUMO energy levels. In the calculations, the alkyl
chains present on the molecule were replaced by simple methyl groups to reduce the
computational burden, without affecting the length and nature of the conjugate
system.

The structure of 57 was optimized in vacuo by means of DFT calculations performed
with the Gaussian09 program package® at the B3LYP/6-31G* level.”’ The energy and
shape of the frontier molecular orbitals (FMOs) of dye 57 were calculated and
compared with those previously found for TTZ4, since both molecules contained the
same donor (p-hexyloxy-substituted triarylamine) and anchoring (cyanoacrylic acid)
group (Figure 5.10, Figure 5.11).

_1 -
_g o 190 L+1
. i -2.51 L+1
—2.70 =—a— L
3 -3 321 =g L
= 1 1.95eV !
g :
S -4 - | 1.71eV
w H
— 4,65 =t Y :
_s5 | —492—%— H
-5.17 H-1 !
T -5.55 H-1
ol = TTZ4 57

Figure 5.10. Computed (B3LYP/6-31G*) HOMO-LUMO energy gaps of compounds TTZ4 and 57.

As expected, the introduction of a strong auxiliary acceptor unit changed the energy
levels significantly: compared to TTZ4, both HOMO and LUMO levels of 57 were
shifted to more negative energy values (A HOMO = —0.27 eV; A LUMO = -0.51 eV)
and the orbital energy gap was smaller as well (1.71 eV vs. 1.95 eV). Indeed, the more
negative HOMO energy of dye 57 relative to that of TTZ4 could be considered an
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advantage since the worse photovoltaic performances of TTZ4 compared to those of
the other TzTz-dyes could be ascribed to a slower dye-regeneration caused by its
high-lying HOMO (see paragraph 4.2.4.1). As well as for other D-A-rt-A dyes,*™ the
HOMO and LUMO orbitals of dye 57 were mostly localized on the donor and the
anchor, respectively, but both of them were partially distributed on the auxiliary
acceptor unit too, while TTZ4 showed a more definite spatial separation of the

orbitals.
LUMO
LUMO
1.95 eV
HOMO HOMO

1724 57

Figure 5.11. Isodensity plots and computed energies for the frontier molecular orbitals of compounds
TTZ4 (left) and 57 (right) at the B3LYP/6-31G* level.

Finally, the absorption maxima (A.), oscillator strengths (f) and vertical excitation
energies (Ee.) of dye 57 were assessed by TD-DFT calculations in THF at the CAM-
B3LYP/6-31G* level”® and were compared with the values found for TTZ4 (Table 5.1).
As expected, the decrease of the HOMO-LUMO energy gap of dye 57 compared to
that of TTZ4 was directly connected with a deep red-shift of the absorption maximum
(507 nm vs. 669 nm), which was located in the red region of the solar spectrum.
Moreover, differently from TTZ4, the excitation process was almost a pure HOMO 2>
LUMO transition (85%), while the lower value of the oscillator strength (f) suggested
the possibility of a less intense light absorption.

Table 5.1. CAMB3LYP/6-31G* absorption maxima (A,,,,), oscillator strengths (f), vertical excitation
energies (E.,.) and main electronic transitions for dyes TTZ4 and 57 in THF.

Compound Amax [NM] f Eex [€V] Main transitions (%)
TTZ4 507 267 | 2.45 H-1>1:474 | H->1:305
57 669 1.85 2.43 H-> L:85
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Once the properties of the selected dye 57 were checked by the computational
analysis, a complete retrosynthetic analysis was worked out. Taking advantage of the
previous work on TzTz-dyes, the last two steps of the synthesis of dye 57 were the
Knoevenagel condensation of aldehyde 58 with cyanoacetic acid (8) and the cross-
coupling reaction of bromide 59 with the appropriate organometallic reagent 10

5.2.3. Route A: synthesis of Pechmann-dye 57

5.2.3.1. Retrosynthesis

(Scheme 5.2).

The key-intermediates for the formation of the Pechmann-unit were the lactone 60,
bearing the donor moiety, and a,y-diketoacid 61. Both the building blocks 60 and 61

H3C60
2 Knoevenagel
N reaction
—
R COOH
H13C6O
O Cross-coupling
reaction
OH —»

H,3C60
8
H13C60O

0. ° . o)

N M
\ cHys T 1 ]@J(H

N ‘
0”0 8T

59 10

Scheme 5.2. Retrosynthetic analysis of dye 57: last steps.

could be prepared following the retrosynthetic analysis in Scheme 5.3.
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H13CeQ
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Scheme 5.3. Retrosynthetic analysis of dye 57: construction of building blocks 60 and 61.
5.2.3.2. Synthesis of intermediate 61

A two-step synthesis of intermediate 61 was accomplished following the procedure
depicted in Scheme 5.4. Friedel-Crafts acetylation of commercially available 2-bromo-
3-hexylthiophene (65) was carried out by using a two-fold excess of acetyl chloride
and aluminum chloride as a Lewis acid promoter: although the thiophene ring
partially decomposed in the presence of a strong Lewis acid such as AICl;, optimal
experimental conditions afforded the desired product 64 with a moderate yield
(40%) after chromatographic purification. The second step was a Claisen
condensation of compound 64 with diethyl oxalate as the electrophile:* the reaction
was performed in anhydrous THF by using a solution of sodium methoxide in
anhydrous methanol as the base, and product 61 was isolated in high yield (80%)
after recrystallization.
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AcCl (2.0 eq.) (COOEt), (2.0 eq.) COOH
H13Cs AICI, (2.0 eq.) Hi3Ce N\ MeONa/MeCH (3.0 eq.) Hq3Cg
'ﬂ °G, 45' | THF, 1, 1h [ ©
Br~g” CH,Cl, 0°C, 45 gr S o] 1 8 S o)
o 80%
65 40% 64 61

Scheme 5.4. Synthesis of intermediate 61.
5.2.3.3. Synthesis of intermediate 60

The preparation of intermediate 60 could be carried out following two different
procedures, which used triarylamines 63 and 66 as starting materials, respectively.*

In the first approach (Scheme 5.5) we started with a Friedel-Crafts acylation of
triarylamine 63 with succinic anhydride. Initially, we applied the same reaction
conditions already used for the synthesis of compound 64 (Scheme 5.4), but only a
very low conversion of the starting material (about 16%) was achieved in this case
even increasing the temperature to 40 °C for 24 hours. Changing the solvent from
dichloromethane to 1,2-dichloroethane enabled to raise the temperature to 85 °C,
allowing to obtain y-ketoacid 62 with a high yield (81%).

CF dsen Q
AlCI, (3 0eq.)
Y
1,2-DCE, 85 °C 2h

COOH
81%

HisCeO 63 Hy3CeO
H13CsO
Ac,0 0.
R v
100°C, 1h Q
H,3C60 60

Scheme 5.5. Synthesis of intermediate 60 (route A).

The second step was a dehydration/cyclization sequence promoted by acetic
anhydride® which was used as reaction solvent too. The conversion of the starting
material to product was complete after one hour at 100 °C, but the instability of
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compound 60 towards air humidity allowed to isolate just a mixture of compounds
60:62 in a 70/30 ratio.

The second procedure we used is based on a Nozaki-Hiyama-Kishi reaction, which is a
nickel/chromium-mediated reaction forming an alcohol starting from an aldehyde
and an allyl or vinyl halide.* The reaction is very selective towards aldehydes and
tolerates many functional groups such as ketones, esters, amides and nitriles.
Knochel et al.”® studied the reactivity of chromium-based organometallics and
reported the synthesis of a simple aromatic five-membered lactone (69, Scheme 5.6)
by employing vinyl iodide 67, benzaldehyde, chromium- and nickel dichloride.

HO R
Ar><H 2 CrCl, 2 CrCly
H,0
NiCl, Ni°
o)
ArJLH
R-CrCIX R-X

Oxidative

Transmetallation Addition

CrCla

1. Cyclization
2. Double bond

1l
I © Ph-CHO C,é/& isomerization @_Q
M R e
OEt crCl,, NiCl, M\ o
67

68 69

(0]

Scheme 5.6. Mechanism of Nozaki-Hiyama-Kishi reaction (up) and Knochel reaction (down).

The reaction mechanism (Scheme 5.6) starts with the reduction of Ni*" to Ni° by Cr*,
then proceeds with the oxidative addition of Ni° in the carbon-halogen bond of the
halide and the transmetallation of the intermediate organo-nickel species with Cr**.
The so-formed organo-chromium reagent can react with an aldehyde to afford, after
hydrolysis, the alcohol. In the Knochel reaction,* the expected intermediate 68 could
give an intramolecular reaction with the formation of the lactone ring and
elimination of chromium methoxide bishalide. A final double bond isomerization
afforded product 69.
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These reaction conditions were applied to aldehyde 66 in view of obtaining
compound 60 in a single step (Scheme 5.7): heating to a temperature of 50 °C was
necessary to start the reaction and complete conversion of 66 was achieved within
16 hours. The reaction looked very sensitive to the quality of chromium chloride and
the presence of water was detrimental. Unfortunately, many by-products were
formed and compound 60 was isolated, after chromatographic purification, with a
yield of 38%. Likewise the first procedure, a variable amount of open-chain product
62 (5-10%) was always obtained.

| 9 2oeq)
M [ ]
H13CGO 7OOMG H13Cso
CrCl, (4.0 eq.)
O NiCl, (5.0 mol%) 0 °
H N,N-DMF, 50 °C, 16h
38%
HiaCsO 66 H;3Ce0 60

Scheme 5.7. Synthesis of intermediate 60 (route B).

We can thus conclude that although both the methods used allowed to obtain the
desired intermediate 60, the first one (Scheme 5.5) gave better results affording a
higher yield and a more straightforward experimental procedure. Since it was
impossible to isolate compound 60 in a pure form, its mixture with 62 was used as
such for the subsequent reaction.

5.2.3.4. Preparation of the bis-lactonic unit

The first systematic study concerning the synthesis of Pechmann-dyes was
accomplished by Fang and Bergmann in 1951.” In that paper, they showed that the
condensation of lactone 71 with benzoylpyruvic acid 72 in acetic anhydride afforded
non-symmetrical Pechmann product 74 in high yield (Scheme 5.8). The authors
suggested that lactone 71 performed a nucleophilic attack on the carbonyl group in
o-position to the carboxylic acid of 72 with loss of water and formation of
intermediate 73, which could evolve to product 74 after cyclization and elimination
of a second molecule of water. The presence of acetic anhydride was required to
assist the dehydration processes.
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o 0 ACO
C.
MO + N —
o
7 72

0
HoOC O
N i/ 80%
[y oo
73

Scheme 5.8. Synthesis of non-symmetrical Pechmann-dyes by Fang and Bergmann.zs

To the best of our knowledge, compound 74 is the only non-symmetrical Pechmann-
derivative ever reported in the literature. This precedent prompted us to test this
reaction on our substrates in order to obtain non-symmetrical derivative 59 (Scheme
5.9): several attempts were carried out.

H13Cs0 COOH

Hy3Cs
B o
Ac,0 Br S O 61(1.0eq.)
0
N—@—R 60 o
[eo] Ac,0 60 R= %g

H5CqO H13CeQ
BT sose2 0

COCH

H43CgO

Scheme 5.9. Generic reaction scheme for the synthesis of Pechmann-intermediate 59.

Thus we decided to heat at 100 °C the mixture of compounds 60 and 62 obtained by
dehydration/cyclization promoted by acetic anhydride® (see Scheme 5.5) in order to
convert all y-ketoacid 62 to lactone 60. After 30 minutes conversion of compound 62
was complete and a,y-diketoacid 61 was added in situ, then the reaction mixture was
heated to 100 °C for 6 hours. Although the starting materials were consumed, the
desired compound 59 was isolated with a very low yield (approx. 4%) due to the
formation of many by-products. Using an higher reaction temperature (120 °C)
caused a faster disappearance of the starting materials, but the yield of the product
did not increase.
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Some of the by-products (Scheme 5.10) were identified: among them, compound 75,
a dimer of lactone 60, and ketone 64, which was an intermediate for the synthesis of
a,y-diketoacid 61 (Scheme 5.4), were found. Indeed, in the presence of acetic
anhydride, a,y-diketoacid 61 could dehydrate and afford dioxofuran 76 (Scheme 5.10
down) by means of a thermal decomposition already known in the literature.* The
loss of carbon monoxide generated a very reactive ketene (77) which could produce
intermediate 64 and other unidentified by-products.

H1aCeQ

o (e

Ot
N
\\N

o (0]
H;3Cg0
75
OCegH13
COOH
H42C,
H13CSM A 13%g E
| [e}
B S o) Ac,0 Br S o]
61 64
ACQOl T
H13Cé H13Ce

9] —C=0
N, |— N . Oir:jer

byproducts
B S (?)\o -CO B S o) yp!

76 77

Scheme 5.10. Byproduct 75 (up) and an hypothesis of decomposition of 61 (down).

Several attempts were carried out at different reaction conditions, including
temperatures and reaction times, use of acid and basic additives, however all our
efforts were frustrated by very low vyields of the desired product 59 and the
formation of many by-products, mostly stemming from decomposition reactions of
a,y-diketoacid 61.

Since dioxofuran 76 seemed to be a key-intermediate in the condensation reaction,
we attempted a different synthesis of 76 (Scheme 5.11), not requiring the use of

1.** The first step was the formation

Ac,0, and using compound 64 as starting materia
of silylenolether 78, which was obtained quantitatively using LDA as a base and

trapping the enolate with trimethylchlorosilane. Then, silylenolether 78 was reacted
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with oxalyl chloride. The reaction was carried out twice at different temperatures (25
and -78 °C), but in each case dioxofuran 76 was not formed and only starting
material 64 was recovered from the reaction mixture. A strong acid Lewis such as
trimethylsilyl triflate was also employed to increase the electrophilicity of oxalyl
chloride, but the only product we were able to isolate was once again ketone 64.

l 1) LDA (1.5 eq. cacl
Hi3Cq T)HF —Té °C ?5) H13Ce 0% bacs ©
s” b 2)TMSCI(1.5eq) s OSiMe s ©
Br THF, tt, 1h Br - o °
64 78 76

98%

Scheme 5.11. Attempt to synthesize the dioxofuran 76.

Since our efforts to reproduce the direct synthesis of an asymmetric Pechmann-unit
by Fang and Bergmann® were unsuccessful, we abandoned the synthesis of dye 57
and turned our attention to a different approach.

5.2.4. Route B: preparation of a symmetric Pechmann-unit

Once abandoned the first retrosynthetic approach (route A, Scheme 5.1), we
investigated the feasibility of the route B which provided the preparation of a
symmetric Pechmann-scaffold lll and its subsequent derivatization in cross-coupling
reactions in order to introduce different donor and anchor moieties.

Hq3Cq (0] o
/ \ s

R 7z & R
S \

o 79 R=H
o CeéHiz 80 R=Br

Figure 5.12. Structures of the desired symmetric Pechmann-dyes.

Compound 79 and its dibrominated derivative 80 (Figure 5.12) were chosen as new
key intermediates: for this purpose, two synthetic procedures which were already
known in literature for the synthesis of symmetric Pechmann-dyes were investigated.
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5.2.4.1. First procedure - pyridinium ylide route

The most recent procedure was reported in 2014 by Belei et al.,*® who discovered
serendipitously that Pechmann-dye 83 could be obtained with a good yield (Scheme
5.12) adding dimethyl maleate (82) to an in situ-generated pyridinium ylide, in turn
obtained by deprotonation of N-phenacyl-4-dimethylamino-pyridinium bromide (81)
with 1,8-diazabicycloundec-7-ene (DBU). Few p-substituted aromatic Pechmann-
derivatives were prepared following this protocol with moderate yields (32-45%).

\N/
MeCOC  COOMe o
() _ubve 3
IN, 82 (2.0 eq.) Ph/ P
DBU Br DBU (2.0 eq.) 5
( Oﬁ) Dioxane, 80 °C 5
Ph
80%
SN 81 ’ 83
| S
.
N
o] ¢ <
COOMe
Ph COOMe
84
- MeOOC-_~ COOMe
-DMAPl
COOMe
OY\]/
Ph COOMe COOMe COOMe
85 @ Ph N Ph— ~ /'\_/fs/‘ 088
o” Ay = Oy
07 "OMe -MeO 0
86 87

Scheme 5.12. Belei’s procedure and its mechanism for the synthesis of Pechmann-dyes.

Based on some experimental evidences, authors suggested a plausible mechanism
which is drawn in Scheme 5.12: ylide generated by deprotonation of pyridinium salt
81 with DBU undergoes a Michael addition to dimethyl maleate (82) generating
adduct 84, which affords intermediate 85 after a formal hydride shift and elimination
of DMAP. A second equivalent of DBU can deprotonate 85 to form enolate 86, which
provides lactone 87 by intramolecular cyclization. Then, a second Michael addition of
enolate 86 to the same lactone 87 affords intermediate 88, which, after a second
hydride shift followed by elimination of dimethyl fumarate (89), forms compound 90.
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Finally, cyclization of enolate 90 affords Pechmann-dye 83 upon elimination of
methanol.

In order to test the feasibility of this procedure for our purposes, we had to prepare
the appropriate pyridinium salt (92, Scheme 5.13) to provide symmetric Pechmann-
derivative 80. Starting from compound 64, a-mono-bromination of the ketone with
pyridinium bromide perbromide (PBPB)* produced intermediate 91, which was easily
converted to pyridinium salt 92 by reaction with DMAP? in refluxing acetone, with
59% overall yield.

\N/

Hq4C H,sC =
13 6D—< PBPB (1.2eq) 13 GD—(BF DMAP (3.0 eq) Hy3Ce h
- —— - +

g ~S O ACOH,40°C 150 g/~s" O Acetone,a 15h g | ) B
S
73% 81% &
64 91 92

Scheme 5.13. Synthesis of pyridinium salt 92.

Subsequently, pyridinium salt 92 was reacted with two equivalents of maleate 82 and
DBU in refluxing ethanol (Scheme 5.14). Disappointingly no traces of desired
compound 80 were formed after 16 hours, despite complete disappearance of the
starting material. "H-NMR analysis of the crude reaction mixture just showed the
hydrobromide salt of DBU, DMAP, dimethyl maleate (82) and dimethyl fumarate (89).

~pn
I MeOQOC o COOMe H,;Cq o o
HisCs | . 82 g N IS pr
N ; S
e Br DBU o \_/
s 0] CgH1a
o)
92 80

Scheme 5.14. Generic scheme for the synthesis of compound 80.

The reaction was repeated at room temperature to assess if a lower temperature
could avoid decomposition of the starting material, but the analysis of crude material
did not show a better result. Use of a different solvent (dioxane or CH,Cl,), of a
substoichiometric amount of maleate 82, or isolation of the pre-formed pyridinium
ylide of 92 using NaOH before reacting with maleate 82 and DBU, did not allow the
isolation of any reaction intermediate.
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5.2.4.2. Second procedure - 3-aroylacrylic acid route

Consequently we decide to abandon the first procedure and try a different approach
based on the method described by Fang and Bergmann® in their first systematic
study about the preparation of such compounds. In such context, the authors
elaborated a synthetic procedure based on the reaction of B-aroylacrylic acids (93a-c)
with copper (I) chloride and ammonium acetate under air in refluxing acetic
anhydride (Scheme 5.15).

CuCl

NO
O NH,CI 2
Ar = — A ci
I ACZO A
NO,
8149,
93a-c 73-81% 94a-c O

Scheme 5.15. Symmetric Pechmann-dyes prepared by Fang and Bergmannzs.

Products 94a-c were isolated with high yields, but each substrate required a very
different amounts of CuCl (0.35-1.30 eq.) and NH,CI (0.70-4.70 eq.) to be efficiently
converted. Authors did not justify these significant differences and did not propose a
plausible mechanism, which was postulated only thirty years later by Begley et al.
(Scheme 5.16).%

(o] R
AC2 - AcQ /=
ATJWO — Arlk/\'( [ACO,QLO e Ar/&o:l
Ar o
(@]

93 97
Cul CuII ? o)
- <Q>
L sz; 2 A
(0]
98 94

Scheme 5.16. Reaction mechanism proposed by Begley et al.*®

These authors observed that, when the reaction was carried out in the absence of air,
no product was formed and only mixed anhydride 95 could be isolated. Accordingly,
they supposed that compound 95 is an intermediate for the formation of 94, which
could evolve to acetyl-lactol 96 and/or cation 97. Then, they suggested that product
94 could be formed by single-electron transfer from Cu' (98), followed by radical
coupling (99) and final dehydrogenation under air. However, except for the
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formation of mixed anhydride 95, no experimental evidence was provided of the
other intermediates featured in this mechanistic hypothesis. This reaction was
recently applied by Sullivan et al.” for the synthesis of two thiophene-containing
Pechmann-dyes with good results (Scheme 5.17) by using sub-stoichiometric
amounts of CuCl (0.30-0.37 eq.) and NH,CI (0.60-0.73 eq.).

CucCl o]

R
NH cl 7 S 0
7 P~
A020 A 2h R 0 S /
0
0,
93d R=H 40-68% 94d R=H
93¢ R=C, H,, 94e R=C, H,

Scheme 5.17. Symmetric Pechmann-dyes prepared by Sullivan et al”’

Thus, the promising results obtained in the synthesis of some aromatic and
heteroaromatic Pechmann-derivatives (94) prompted us to test these conditions for
the preparation of compounds 79 and 80. Initially, synthesis of B-heteroaroylacrylic
acids 102-104 was carried out through Friedel-Crafts acylation of 3-hexylthiophene
(100) and 2-bromo-3-hexylthiophene (65) with maleic anhydride (101) and aluminum
trichloride as Lewis acid (Scheme 5.18). The desired compounds were obtained with
moderate yields.

CeH1a CeHiz O Hy3Cs
/ \ - / \ == OH + / \ = OH 27%
] S s
100 — 102 87:13 103
101 (1.1 eq))
AICI, (2.2 eq.)
H13Cs CH,Cl,, t, 16 h Hy3Cg o]
/ \ - /' \_ ~  OH 4%
Br>g Brg
o]
65 104

Scheme 5.18. Synthesis of 8-heteroaroylacrylic acids 102-104.

Unfortunately, the acylation of thiophene 100 with anhydride 101 was not
completely regioselective: the ratio of acids 102/103 in the reaction crude was
approximately 80:20, which could only be increased to 87:13 after some
recrystallizations from toluene. The same experimental conditions, however,
afforded acid 104 as a unique product.
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Based on Sullivan’s procedure, we decided to use the mixture of isomers 102-103 as
a substrate to optimize the reaction conditions (Table 5.2). Initially the reaction was
performed by heating to reflux a mixture of the starting material and
substoichiometric amounts of CuCl and NH,Cl in acetic anhydride for two hours
(entry 1). A 95:5 mixture of the two isomers 105-106 was always obtained, but,
unlike the preparation of compounds 94d-e (Scheme 5.17), in rather low yield. The
'H-NMR analysis of the crude reaction mixture showed the absence of the starting
material, and the presence of a mixed anhydride akin to 95 (Scheme 5.16) and other
unidentified products in high amount. We supposed that the backlog of reaction
intermediates and by-products at the end of the reaction could be due to an
inefficient dehydrogenation step (see Scheme 5.16), thus chloranil was used to
accelerate this step together with a stoichiometric amount of CuCl. No product was
formed when chloranil was added at the beginning of the reaction with the other
reagents (entry 2), and its addition to the crude reaction mixture was ineffective as
well (entry 3).

Table 5.2. Optimization of the synthesis of symmetric Pechmann-derivatives 105-106.

o cucl
SMOH NH,CI
Q\’\; I AC,0, A
CeH1a
102-103
Entry | CuCl(eq.) | NH,CI (eq.) chloranil (eq.) Time (h) | Yield 105-106 (%)°
1 0.30 0.60 - 2 12
2 1.0 0.60 0.5° 2 -
3 1.0 0.60 0.5¢ 2 11
4 1.2 2.4 - 6 34
5 1.2 2.4 - 16 41
6° 1.2 2.4 - 0.5 27

a) 105/106 ratio = 95:5. b) Added to the reaction mixture with the other reagents. c) Added to the crude reaction
mixture after dissolving in THF. d) The reaction was performed under MW heating.

Better results were obtained by using excess amounts of CuCl and NH,Cl and longer
reaction times (entries 4-5): in these conditions the reaction yield was finally
improved up to 41%. However, despite a complete disappearance of both the
starting material and the reaction intermediates, the final yield was always limited by

150




Synthesis of near-IR D-A-1t-A sensitizers for Dye-Sensitized Solar Cells (DSSCs)

the formation of a black decomposition product, probably obtained by reaction of
some intermediates with acetic anhydride itself. Performing the reaction under MW
heating (entry 6) shortened reaction times, but the yield of the isolated product was
limited by the formation of undesired by-products (107-108; Figure 5.13) stemming
from Friedel-Crafts acetylation of the desired compounds.

H13Cs H13Cs

CeHys CeHis
107 108

Figure 5.13. By-products of the MW-activated reaction (entry 6, Table 5.2).

In general, the optimization effort described above allowed us to prepare the desired
Pechmann-unit with a moderate yield, but, even after chromatographic purification,
a mixture of the two different isomers 105-106 was always obtained. For this reason,
we tested our best reaction conditions on acid 104 (Scheme 5.19) hoping to prepare
compound 80 as a unique isomer.

HisCe o cucl(1.2eq)  M3Ce Q
B NH,CI (2.4 eq.) N o
Br =
s Ac,0, 16 h, A
© 0 CeH1s
104 7% 80

Scheme 5.19. Synthesis of Pechmann-derivative 80.

In this case, a large amount of a blue insoluble material was formed at the end of the
reaction, in addition to other undesired dark-colored by-products. Therefore, unlike
the former reaction (entry 5, Table 5.2), product 80 was isolated with a very low yield
(7%). Probably the carbon-bromine bond in the outer thiophene rings of 80 was
sensitive to the presence of copper and to single-electron transfer (SET) conditions,
and thus the blue solid which was isolated at the end of the reaction could be due to
an undesired polymerization reaction.

Since bromo-derivative 104 did not tolerate our reaction conditions and the
employment of a non-symmetrical thiophene such as 100 afforded a mixture of
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isomers, we selected a slightly different Pechmann-derivative (109 - Figure 5.14) as
the new target molecule.

109

Figure 5.14. Structure of target molecule 109.

5.2.4.3. Synthesis of intermediate 109

The structure of compound 109 was chosen as new synthetic target because we
supposed that its precursor, B-heteroaroylacrylic acid 110, would have reacted with
CuCl and NH,CI similarly to compound 102, while 3,4-dihexylthiophene (111), unlike
3-hexylthiophene (100), would not pose any regioselectivity issue in the Friedel-
Crafts acylation (Figure 5.15). As the starting material of this synthesis we used 3,4-
dibromothiophene (112), which was easily prepared in a multi-gram scale following a
well-known procedure.*

HiaCe  CeHia

HiaCe  Cotia Q HiCs  CgMis Br  Br
Y S S
Hi3sCs  CeHi3109 110 111 112

Figure 5.15. Retrosynthetic sequence of compound 109.

Compound 111 was prepared as already reported,* using a Kumada cross-coupling
reaction (Scheme 5.20): Ni(dppp)Cl, was employed as the catalyst, while 1-
hexylmagnesiumbromide was formed in situ starting from 1-bromohexane and
magnesium. Then, the usual Friedel-Craft acylation with maleic anhydride (101) gave
a crude reaction mixture containing the desired product (E)-110 and a fraction
together with its (Z)-isomer, which was isomerized by washing repeatedly the
reaction crude with HCI(aq).41 Finally pure acid (E)-110 was obtained in good yield.
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"
CqH;;MgBr 2.8 eq)) 101 (1.25 eq.) HisCe CeHiz O
Br Br Nidppp)Cl, 3.0mol%) Hi3Cs  Cetlis  Alcl, 25eq) e am
s EL,O, it, 16 h s CH,CL, 24h,A 64% s
o
112 76% 1 110

Scheme 5.20. Synthesis of the 8-heteroaroylacrylic acid 110.

Then, the optimized conditions (entry 5, Table 5.2) were applied to acid 110 which
indeed reacted in the presence of CuCl and NH,CI similarly to its analogue 102, even
if a longer reaction time (40 hours vs. 16 hours) was necessary to obtain a
comparable yield (38% vs. 41%) of the Pechmann-product 109 (Scheme 5.21).

HisCg CgHiz O CuCl (1.2 eq.)
NH,CI (2.4 eq.)
I o mon WCl@deq)
s Ac,0, 40 h, A
O
38%
Hi3Ce  CgHys
110 109

Scheme 5.21. Synthesis of Pechmann-derivative 109.

Although the obtained yields were not very high, we decided to go further and use
key intermediate 109 for our purposes. However, by our experience, it appears that
there is a lack of synthetic procedures in the literature, as the described ones
resulted in our hands either not general nor high yielding. This fact could be ascribed
to the absence of an established reaction mechanism.

5.2.5. Synthesis of D-A-nti-A dyes AD351 and AD364

The two structures we selected AD351-AD364 are reported in Figure 5.16. This two
dyes differ for two different donor groups, a simple triphenylamine (AD351), and a
hexylthio p-substituted triphenylamine (AD364). Such substitution was introduced on
the donor group referring on our precedent results about TzTz-dyes (see Chapter 4),
where, apparently, the presence of alkylthio chains on the donor portion of the
molecule improved the photovoltaic performance which was probably due to a much
faster dye regeneration.”
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Q AD351 R=H

H13Cs CeHi3 AD364 R

Figure 5.16. Structures of dyes AD351 and AD364.

5.2.5.1. Computational analysis of AD351 and AD364

DFT computational analysis was then repeated for structures AD351 and AD364. The
HOMO/LUMO energy levels (Figure 5.17) and the wavefunction plots (Figure 5.18) of
the two dyes were compared with those previously found for sensitizers TTZ3 and
TTZ5 which contained the same donor (triphenylamine for AD351 and TTZ3; p-
hexlythio-substituted triarylamine for AD364 and TTZ5) and anchoring (cyanoacrylic
acid) groups. As already outlined for compound 57, when compared to TTZ3-TTZ5,
the presence of the Pechmann-unit in AD351 and AD364 shifted both HOMO and
LUMO energy levels to more negative values (A HOMO = 0.14-0.16 eV; A LUMO =
0.55-0.56 eV) with a remarkable decrease of the HOMO-LUMO energy gap of 0.39-
0.41eV.

= l -
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7 L 259 1 i -2.56 L+
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T4 1.70 eV i | 1.61ev
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% : b _474—Y— H :
5 = ~i8 H 499 Y H P -490—¥—
o W1 | 53 W | P el =5 -1
-6~ TTZ3 AD351 TTZ5 AD364

Figure 5.17. Computed (B3LYP/6-31G*) HOMO-LUMO energy gaps of compounds AD351-AD364 and,
for comparison, TTZ3-TTZ5.
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LUMO
211eV
HOMO
TTZ3 ‘ AD351
LUMO
HOMO

"® TIZ5 A 4748V AD364

Figure 5.18. Isodensity plots and computed energies for the frontier molecular orbitals of compounds
AD351-AD364 and, for comparison, TTZ3-TTZ5 at the B3LYP/6-31G* level.

In particular, the introduction of p-hexylthio chains in AD364 slightly raised the
HOMO level without affecting the LUMO leading to a smaller energy gap
(AD351/AD364: 1.70 eV vs. 1.61 eV). Similarly to 57 and other D-A-ri-A dyes,*" the
HOMO/LUMO orbitals of AD351 and AD364 were mostly localized on donor and
anchor respectively, but both were present on the Pechmann-unit as well, thus giving
rise to an extended superimposition and therefore ensuring strong intramolecular
charge transfer upon photoexcitation.

Finally, Table 5.3 lists the absorption maxima (A...), oscillator strengths (f) and
vertical excitation energies (E..) obtained from TD-DFT analysis of dyes AD351,
AD364 compared with those of TTZ3 and TTZ5. The results were once again in line
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with those provided by dye 57: Pechmann-dyes AD351 and AD364 were predicted to
have a strongly red-shifted absorption spectrum (503-504 nm vs. 674-691 nm in THF),
with a large HOMO = LUMO component of the excitation process, unlike TzTz-dyes.

Table 5.3. CAMB3LYP/6-31G* absorption maxima (A}, oscillator strengths (f), vertical excitation
energies (E.,.) and main electronic transitions for dyes TTZ3, AD351, TTZ5 and AD364 in THF.

Compound Amax [NM] f E.. [eV] Main transition (%)
TTZ3 503 2.61 2.46 H-1->L:38.2 | H-> L: 42
AD351 674 1.84 2.23 H->L:83
TTZ5 504 2.66 2.46 H-1 - L:48.7 | H-> L:29.3
AD364 691 1.80 2.25 H->L:72

5.2.5.2. Retrosynthesis

A new retrosynthetic sequence traced on that already validated for dyes AD351 and
AD364 was conceived as reported in Scheme 5.22. Again the cyanoacrylic anchor
could be introduced through a Knoevenagel reaction starting from aldehydes 113-
114, which, in turn, could be synthesized through a cross-coupling reaction between
a suitable organometallic reagent 10 and intermediates 115-116. The two different
donor groups could be installed at this point through cross-coupling of
organometallics 12a,b with dibromide 117, which could in turn be obtained through
bromination of compound 109, whose preparation has been already described in the
previous paragraphs.

5.2.5.3. Bromination of intermediate 109

Two different procedures (A and B, Table 5.4) were tested. Electrophilic bromination
with N-bromosuccinimide (NBS) was carried out at room temperature for one hour
(entries 1-2) using a slight excess of NBS and a mixture of acetic acid and CH,CI, as
solvent. Despite the mild reaction conditions, dibromide 117 was isolated only with a
low yield (15%) due to the formation of many decomposition products.

Elimination of the acid component and substitution of the reaction solvent from
CH,Cl, to N,N-DMF in order to increase the reaction temperature did not allow the
formation of the desired product (entry 3). Since the presence of AcOH seemed
essential, a lower amount of acid was employed (entry 4) which led the yield to
increase up to 54%. Finally, the use of a catalytic amount of acid (entry 5) allowed to
obtain desired product 117 in just 20 minutes with a 64% yield.
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Knoevenagel
reaction
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/@ @[M]
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Scheme 5.22. Retrosynthetic sequence of dyes AD351 and AD364.

A different procedure for the bromination of some thiophene-containing aza-
Pechmann derivatives based on use of lithium diisopropylamide (LDA) to
deprotonate the outer thiophene rings in  a-position and 1,2-
dibromotetrachloroethane to quench the incipient lithium salt was also reported."*°
In order to verify a possible increase of the final yield of 117, we decided to try also
these conditions. However, both performing the reaction at =78 °C for one hour
(entry 6) or raising the temperature from —78 to 25 °C overnight (entry 7), no trace of

the desired compound was recovered.
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Table 5.4. Optimization of the bromination reaction of compound 109.

3
NBS (2.25 eq.)

AcOH

HisCe  CeHis 2)BicL,c-ccLBr H13Cs  CeMia
109 (3.0 eq)) 17
THF
Procedure A
Entry Solvent AcOH (eq.) Temperature (°C) | Time (h) | 117 yield (%)
1 CH,Cl, = 350 25 1 15
2 CH,Cl, =35 25 1 15
3 N,N-DMF - 25> 100 16 -
4 CH,Cl, 2.25 25 1 54
5 CH,Cl, 0.10 25 0.33 64
Procedure B
Entry | Temperature (°C) Time (h) 117 yield (%)
6 -78 1 -
7 -78 > 25 16 -
5.2.5.4. Introduction of the donors: first Stille cross-coupling

The first reaction we decided to use to introduce the donor groups was a Suzuki-
Miyaura cross-coupling of dibromide 117 with boronic acid 20 (Scheme 5.23); the
reaction was performed using two different sets of reaction conditions, in particular
changing the catalyst, the base and the reaction temperature. In both cases, starting
material 117 decomposed completely within one hour.

This result led us to suppose that the Pechmann moiety is too sensitive to tolerate
the basic conditions employed in the Suzuki reactions, and therefore we decided to
switch to a milder process. Among cross-couplings the Stille reaction, which is
characterized by the use of organostannane as organometallic counterpart, requiring
quite mild conditions,” usually allows to perform difficult synthetic transformations
using a neutral environment.
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PhQNO_B(OH)Q

20 (1.0 eq.)

H13Cs CeHi3 115

A Pd(PPh,), (10 mol%) B Pd(dppf)Cl, (10 mol%)
Na,CO,,,, (5.0 eq.) KF (5.0 eq.) .

N.N-DMF, 100°C Toluene/EtOH, 78°C

Scheme 5.23. Attempts of Suzuki-Miyaura cross-coupling.

To perform this process the proper organostannanes 119-120 needed to be
prepared. This was done, starting from the corresponding bromoanilines 31 and 118
through metal-halogen exchange with n-Buli at =78 °C followed by reaction with
BusSnCl as the electrophile (Scheme 5.24). In both cases, the conversion of starting
materials was almost complete: although approx. 5-10% of dehalogenated
triarylamine by-products were present, the crude reaction mixtures were used
without purification for the next cross-coupling step, since attempts to purify the
organostannanes by flash column chromatography caused a partial decomposition of

R R R R
\©\ /©/ 1) n-BuLi (1.3 eq.) \©\ /©/
N N

the reagents.

THF, -78 °C, 1h
B —
2) Bu,SnCl (1.3 eq.)
THF, rt, 16 h
Br SnBuj
118 R=H 119 R=H
31 R =8CgH,, 120 R=S8SCH,,

Scheme 5.24. Synthesis of organostannane 119-120.

The optimization of the Stille reaction was performed by using stannane 119: the
reaction was performed in toluene, using a stoichiometric amount of the stannane,
and stopped before complete conversion of the starting material in order to avoid
the formation of the symmetric double-coupling product. Unlike the Suzuki reaction,
the milder experimental conditions required in this case, allowed the formation of
desired product 115. After a small screening of the catalysts (Table 5.5), we found
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that employment of Pd,(dba); as pre-catalyst and tris-2-furylphosphine as ligand
(entry 3) allowed to shorten the reaction time, decrease the reaction temperature to
70 °C and, consequently, improve the yield of the isolated product and reduce the
decomposition of the starting material. The same catalyst was used successfully to
react dibromide 117 with organostannane 120. The reaction was carried out at a
lower temperature (60 °C) and afforded monobromide 116 with 27% vyield after
purification.

Table 5.5. Optimization of Stille cross-coupling reaction.

R HiaCe  CeHis
Q A Pd(PPh,), (10 mol%)
g1y Ao'B Toluene
B Pd,(dba), (5 mol%)
Ligand (10 mol%)
R Hi3Cs  CeHiz 115 R=H Toluene
116 R=SCH,,
. T Time Conversion Yield
Entry | Stannane | Procedure Ligand °0) (h) (%) (%)
1 119 A PPh;° 110 5,5 70 18
2 119 B P(o-tolyl); | 105 5 75 20
3 119 B P(2-furyl)s 70 2 72 25
4 120 B P(2-furyl)s 60 2 72 27

a) Preformed Pd(PPhs), was used as catalyst.

Despite the final yields of this step were not very high, as already observed in the
case of the TZ-TZ series, a variable amount of the starting dibromide 117 could
always be recovered after chromatographic purification. Furthermore it should be
remarked that this result represents the first example of a cross-coupling reaction
performed on this kind of bis-lactonic unit and thus can open the way to the
preparation of a wide array of such derivatives which are structurally connected with
Pechmann—dyes*.

"To the best of our knowledge, only few examples of cross-coupling reactions of aza-
Pechmann dyes were described in literature.”>*°
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5.2.5.5. Introduction of the acceptor: second Stille cross-
coupling and Knoevenagel reaction

Since the former Stille cross-coupling was successfully carried out, we decided to
perform the same reaction also to introduce the formyl-thiophene moiety (Scheme
5.22), and obtain compounds 113-114. To do that, the proper organotin reagent 123
was prepared (Scheme 5.25)* by reaction with lithium N,O-dimethylhydroxylamide,
formed in situ by reaction of n-butyllithium and N,O-dimethylhydroxylammonium
chloride, at —40 °C. Addition on the formyl moiety of compound 121, afforded
intermediate 122, which, after deprotonation with n-Buli, reacted with BusSnCl to
form the desired carbon-tin bond. Finally, addition of a weakly acid aqueous solution
restored the formyl moiety by elimination of N,0-dimethylhydroxylammonium salt.

1
I .
1) _N.. (1.3€eq) H ) 2) n-BuLi (1.5 eq.)
7\ 0 ? @\\/O'—' -40°C, 1h I\ o
S o, —_— = BU3SH S
H THF, -40 °C, 45' N-o | 3)BuSnCI(1.2eq.) N
it, 16 h

121 122 4)H,0 123

63%

Scheme 5.25. Synthesis of organotin reagent 123.

Organostannane 123 (Scheme 5.26) was reacted with bromides 115-116 using our
optimized reaction conditions for the Stille cross-coupling (Table 5.5, entries 3-4) and
in both cases desired products 113-114 were obtained with good yields, confirming
that the Stille reaction is a powerful tool for the chemical modification of Pechmann-

derivatives.
R
123 (2.0 eq.)
Pd,(dba), (5.0 mol%)
115 R=H P(2-furyl), (10 mol%)
116 R=SCH,, N

Toluene, 70 °C, 4h

57%

H.,2C CaH 113 R=H
e e 114 R=SCH,,

Scheme 5.26. Synthesis of the intermediates 113-114.

Finally, the anchoring group had to be installed on our dyes in order to complete the
synthetic path, which is usually done through Knoevenagel condensation. Usual
conditions for the transformation (see Chapter 4, Paragraph 4.2.2.4) required a

161



Chapter 5

mixture of toluene and acetic acid and use of a large excess of cyanoacetic acid and
ammonium acetate. In consideration that, during the bromination step (see
paragraph 5.2.5.3), the Pechmann-dyes proved to be quite sensitive to the presence
of acetic acid, we decided to slightly modify these conditions and carry out the
Knoevenagel reaction by using a stoichiometric amount of piperidine® as the base
and a mixture of toluene and acetonitrile as the solvents (Scheme 5.27).

R HisCs¢  CeHis
Cyanoacetic acid (1.3 eq.) X, —~COOH
113 R=H Piperidine (1.0 eq.) \_/
_ —_—

114 R=SCH, Toluene/MeCN N

70 °C, 5h /@

R =
37-62% HisCe  CeHia AD364 R=SCH,,

Scheme 5.27. Synthesis of the Pechmann-dyes AD351 and AD364.

After 5 hours at 70 °C, the reaction was stopped before complete conversion of the
starting material in order to minimize its degradation: despite that, the final dyes
AD351 and AD364 were isolated with a yield of 37% and 62% respectively. The
moderate yield of the dye AD351 could be ascribed to its lower solubility which
hampered its final purification.

5.2.6. Characterization of dyes AD351 and AD364

First of all, we recorded the UV-Vis spectra of the CHCI; solutions of all synthetic
intermediates to dye AD351 containing the Pechmann-moiety (namely 109, 113, 115
and 117; see Scheme 5.22 and Figure 5.19): the comparison in Figure 5.20 clearly
shows the red-shift and widening of the absorption bands due to the elongation of
the conjugated skeleton. Experimental values were compared with TD-DFT CAM-
B3LYP/6-31G* and MPW1K/6-31G* computed absorption maxima in chloroform
(Table 5.6) and a very good agreement between theoretical and experimental data
was generally found. In particular, the computed maxima of AD351 were almost
perfectly aligned with the experimental values.

Then, UV-Vis spectra of dyes AD351 and AD364 were recorded both in CHCl; solution
(Figure 5.21) and with the dyes adsorbed on TiO, (Figure 5.22). As expected, the two
dyes showed an intense cyan color in solution due to their broad absorption of
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red/NIR light between 550 and 800 nm, with high extinction molar coefficients and
maxima at 676 and 681 nm for AD351 and AD364, respectively (Table 5.7).

Figure 5.19. Picture of reaction intermediates (from left to right) 109, 117, 115 and 113 and AD351.

14

=109
=117
=115
=113
== AD351

0,8+

o
[<2]
1

Absgrbance (a.u.)

0.2

300 400 500 600 700 800

Wavelenght (nm)

Figure 5.20. UV-Vis spectra of dye AD351 and its reaction intermediates 109, 113, 115 and 117.
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Table 5.6. TD-DFT computed and experimental absorption maxima and related main transition of dye
AD351 and its reaction intermediates 109, 113, 115 and 117 in CHCI;.

Dves )\maxcomp. [nm] A [nm] Main
¥ CAM-B3LYP/6-31G* MPW1K/6-31G* max exp. transition

675 703 676 H>L
417 450 438 H-> L+1
AD351 335 359 336 H-3>L
318 328 311 H-> L+2

651 671 665 H>L
113 374 388 345 H-2->L
319 330 308 H-> L+2

115 616 629 639 H>L
317 329 331 H-> L+1

117 587 589 613 H>L
289 288 325 H-> L+2

109 576 577 598 H>L
278 277 316 H-> L+2

Moreover, less intense absorption peaks were observed in the 300-500 nm range as
well (Figure 5.21), and a very wide absorption band (500-800 nm) was observed
when the dyes were adsorbed on the TiO, layer (Figure 5.22). Optical band-gaps (E.o,
Table 5.7) were estimated both from the intersection of the normalized absorption
and emission spectra of the dyes, and from the corresponding Tauc plots* (Figure
5.23), obtaining very similar values (1.66-1.69 eV), which were in agreement with the
results of computational analysis (1.61-1.69 eV; see paragraph 5.2.5.1).

Table 5.7. Spectroscopic and electrochemical data for dyes AD351 and AD364.

Dye Amax abs.a [n m] )\max emi.a Amax abs. ON on.b E*ox.c EO—Od EO—Oe
(e [M*cm™) [nm] TiO, [nm] V] [v] [eV] [eV]

AD351 676 (58500) 799 617 1.10 | -0.58 | 1.68 1.67
AD364 681 (72300) 788 604 1.05 | -0.64 | 1.69 1.66

a) CHCl; solution. b) Potentials vs. NHE. c) Calculated from Eo — Eo.o. d) Estimated from the intersection of normalized
absorption and emission spectra. e) Determined from Tauc Plot.
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== AD364
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Figure 5.21. UV-Vis spectra of dyes AD351 and AD364 in CHCI; solution; concentrations: AD351, 7.95 x

10° M; AD364, 8.80 x 10° M.
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Figure 5.22. Normalized UV-Vis spectra of dyes AD351 and AD364 adsorbed on TiO,.
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= AD351
AD364

1e+10-

(ehv)? [M' cm™ eV]?

hv [eV]

Figure 5.23. Tauc plots“ for the determination of the optical band-gap of sensitizers AD351 and
AD364 in CHCI; solution.

Finally, cyclic voltammetryT measurements of both dyes were carried out in CH,Cl,
solution: ground-state oxidation potentials (E.,, Table 5.7) were similar for both
compounds (1.05-1.10 V vs. NHE), and were more positive than the reduction
potentials of the most common redox couples*”*® (ca. 0.5 V vs. NHE for I/157; ca. 0.56
V vs. NHE for [Co(bpy)s]*"**), ensuring a good regeneration of the dyes after electron
injection. The excited-state oxidation potentials (E*ox_; Table 5.7) were also calculated
by subtracting the optical band-gaps (Eqo) from the ground-state oxidation potentials
(Eox). These values (—0.58/-0.64 V) were more negative than the conduction band
edge of TiO, (ca. —0.4 eV vs. NHE), suggesting a proper electron injection from the
excited state of the dye to the conduction band of the TiO, during cell operation.

! Cyclic voltammetry measurements were performed by Dr. Fabrizia Fabrizi de Biani from the
University of Siena.
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5.3. Experimental section

5.3.1. Synthetic procedures

3,4-dihexylthiophene (111)*

Hi3Cs  CeHis

I\
s

111

Activated magnesium turnings (3.24 g, 134 mmol, 4.0 eq.) were suspended in Et,0
(50 mL), then a crystal of iodine was added. After cooling at 0 °C, 1-bromohexane
(15.7 g, 94.8 mmol, 2.8 eq.) was added into the flask. The resulting mixture was
stirred at room temperature for 10 minutes and then at 50 °C for one hour. In a
second flask 3,4-dibromothiophene (112, 8.23 g, 34.0 mmol, 3.76 mL, 1.0 eq.) and
Ni(dppp)Cl, (0.577 g, 1.06 mmol, 3.0 mol%) were dissolved in Et,0 (50 mL) and the
resulting solution was cooled to 0 °C. The ethereal solution of 1-
hexylmagnesiumbromide was added dropwise in the second flask, then the resulting
mixture was stirred at 50 °C for two hours and at room temperature for 16 hours.
After cooling at 0 °C, an aqueous solution of HCl 1M (100 mL) was added and the
resulting mixture was stirred for 30 minutes. Two phases were separated and the
organic phase was washed with brine and dried with Na,SO,. After filtration and
removal of the solvent under reduced pressure, the crude product was purified by
flash column chromatography (SiO,, petroleum ether) to give pure product 111 (6.51
g, 25.8 mmol, 76%) as a colorless liquid.

(111): "H-NMR (300 MHz, CDCl;): & = 6.94 (s, 2H), 2.56 (t, J = 7.6 Hz, 4H), 1.62-1.72
(m, 4H), 1.27-1.40 (m, 12H), 0.92-0.98 (m, 6H) ppm. EI-MS: m/z = 252 [M]".

Analytical data were in agreement with those reported in the literature.*

(E)-4-(3,4-dihexylthiophen-2-yl)-4-oxobut-2-enoic acid (110)"

HisCe  CeHis O

3,4-dihexylthiophene (111, 2.25 g, 8.91 mmol, 1.0 eq.) and maleic anhydride (101,
1.09 g, 11.1 mmol, 1.25 eq.) were dissolved in CH,Cl, (40 mL), then, after cooling to 0
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°C, aluminum chloride (2.97 g, 22.3 mmol, 2.5 eq.) was added into the flask. The
resulting red mixture was stirred at 0 °C for 30 minutes, then at room temperature
for other 30 minutes and at reflux temperature for 23 hours. After cooling at room
temperature, a mixture of ice and HCl 3M (50 mL) was added into the flask and the
mixture was stirred for 30 minutes, then two phases were separated. The organic
phase was diluted again with HCI 3M (50 mL) and the resulting mixture was stirred at
room temperature for 24 hours. After separation of the phases, the organic phase
was washed with brine and dried with Na,SO,. After filtration, removal of the solvent
afforded a light brown solid which was recrystallized (hexane) to give pure product
110 (2.01 g, 5.73 mmol, 64%) as a light yellow solid.

(110): *H-NMR (300 MHz, CDCl,): & = 7.77 (d, J = 15.2 Hz, 1H), 7.29 (s, 1H), 6.87 (d, J =
15.2 Hz, 1H), 2.97 (t, J = 6.7 Hz, 2H), 2.57 (t, J = 7.5 Hz, 2H), 1.56-1.65 (m, 2H), 1.27-
1.63 (m, 14H), 0.87-0.92 (m, 6H) ppm. *C-NMR (75 MHz, CDCls): & = 181.0, 171.0,
152.4, 146.0, 141.1, 135.3, 130.3, 128.4, 31.8, 31.7, 30.1, 29.9 (x2), 29.3, 28.8, 28.7,
22.8, 22.7, 14.3 (x2) ppm. IR (KBr): # = 3423, 3094, 2926, 2857, 1701, 1655, 1612,
1424, 1306 cm ™. ESI-MS: m/z = 349.74 [M-H]".

(3E)-5,5’-(3,4-dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione (109)

HisCe  CgHis

Acid 110 (1.20 g, 3.42 mmol, 1.0 eq.), copper (I) chloride (0.407 g, 4.11 mmol, 1.2
eq.), ammonium chloride (0.440 g, 8.22 mmol, 2.4 eq.) and acetic anhydride (16 mL)
were divided into eight test tubes and stirred under air at 145 °C for 40 hours. After
cooling to room temperature, the purple mixture was diluted with chloroform (100
mL) and filtered over Celite®, then the solvent was removed under vacuum.
Chromatographic purification (SiO,, petroleum ether / toluene 5:2) afforded pure
bislactone 109 (430 mg, 0.65 mmol, 38%) as a dark purple solid.

(109): *H-NMR (300 MHz, CDCl3): & = 7.26 (s, 2H), 7.17 (s, 2H), 2.82 (t, J = 6.7 Hz, 4H),
2.54 (t, J = 7.3 Hz, 4H), 1.46-1.70 (m, 12H), 1.28-1.44 (m, 20H), 0.88-0.93 (m, 12H)
ppm. C-NMR (75 MHz, CDCl3): & = 167.1, 154.9, 146.6, 145.3, 126.1, 126.0, 124.7,
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103.7, 31.8, 31.7, 29.9, 29.8, 29.7, 29.3, 28.9, 28.7, 22.8 (x2), 14.2 (x2) ppm. IR (KBr):
¥ = 3105, 2924, 2855, 1757, 1559, 1439, 1198 cm ™. ESI-MS: m/z = 663.79 [M-1]*. UV-
Vis (CHCl3): Amax (€ [IM™* cm™]) = 598 (53900), 316 (13600) nm.

(3E)-5,5’-(5-bromo-3,4-dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione (117)

Hi3Ce¢  CgHis

Compound 109 (0.133 g, 0.20 mmol, 1.0 eq.) was dissolved in CH,Cl, (10 mL), then
NBS (0.080 g, 0.45 mmol, 2.25 eq.) and acetic acid (0.02 mmol, 1.1 pL, 10 mol%) were
added into the flask, which was shielded from light. After stirring at room
temperature for 20 minutes, water (20 mL) was added, two phases were separated
and the organic phase was washed with brine and dried with Na,SO,. After filtration
and evaporation of the solvent under vacuum, flash column chromatography (SiO,,
petroleum ether / toluene 4:1) afforded pure product 117 (0.106 g, 0.13 mmol, 64%)
as a dark blue solid.

(117): 'H-NMR (400 MHz, CDCls): & = 7.22 (s, 2H), 2.84-2.79 (m, 4H), 2.56 (t, J = 7.3
Hz, 4H), 1.45-1.62 (m, 12H), 1.30-1.44 (m, 20H), 0.88-0.93 (m, 12H) ppm. *C-NMR
(75 MHz, CDCl,): 6 = 166.7, 153.6, 146.4, 144.7, 126.1, 124.8, 117.3, 104.0, 31.7, 31.6,
30.0, 29.9, 29.7 (x2), 29.4, 28.5, 22.7 (x2), 14.2 (x2) ppm. IR (KBr): ¥ = 2926, 2855,
1757, 1559, 1383, 1197 cm™. ESI-MS: m/z = 823.54 [M+1]*. UV-Vis (CHCL3): Amay (€
M~ ecm™]) = 613 (64000), 325 (16700) nm.

General procedure for the synthesis of stannanes 119 and 120

The appropriate bromide (118 or 31, 1.0 eq.) was dissolved in THF, then, after cooling
to —78 °C, a 1.6 M solution of n-Buli (1.3 eq.) in hexane was added. The reaction
mixture was stirred at —78 °C for one hour, then BusSnCl (1.3 eq.) was added. The
resulting mixture was stirred for 16 hours during which the temperature was allowed
to return to 25°C. After addition of water (50 mL) and ethyl acetate (50 mL), two
phases were separated and the organic layer was washed with water (30 mL) and
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brine, and dried with Na,SO,. After filtration, removal of the solvent under vacuum
afforded the crude product which was used as such for the following reaction.

4-Tributylstannyl-N,N-diphenylaniline (119)°

Ve

SnBu;:,
119

4-bromo-N,N-diphenylaniline (118, 0.324 g, 1.0 mmol) was dissolved in THF (5 mL)
and reacted with a 1.6 M solution of n-Buli (0.813 mL, 1.3 mmol) in hexane for one
hour and, then, with BusSnCl (0.423 g, 1.3 mmol, 0.353 mL) for 16 hours. After work-
up and evaporation of the solvent, crude product 119 was isolated as a pale yellow
oil.

(119): *H-NMR (400 MHz, CDCl): & = 7.31 (d, J = 8.3 Hz, 2H), 7.21-7.27 (m, 4H), 7.07—-
7.12 (m, 4H), 6.98-7.06 (m, 4H), 1.53—-1.59 (m, 6H), 1.28-1.38 (m, 6H), 1.02-1.07 (m,
6H), 0.90 (t, J = 7.3 Hz, 9H) ppm. Analytical data were in agreement with those
reported in the literature.™

4-Tributylstannyl-N,N-(4-hexylthiophenyl)aniline (120)

N

SnBU3
120

4-bromo-N,N-(4-hexylthiophenyl)aniline (31, 0.200 g, 0.36 mmol) was dissolved in
THF (2 mL) and reacted with a 1.6 M solution of n-BulLi (0.292 mL, 0.47 mmol) in
hexane for one hour and, then, with BusSnCl (0.152 g, 0.47 mmol, 0.127 mL) for 16
hours. After work-up and evaporation of the solvent, crude product 120 was isolated
as a pale yellow oil.
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(120): *H-NMR (300 MHz, CDCls): 6 = 7.31 (d, J = 8.3 Hz, 2H), 7.19-7.24 (m, 4H), 6.96—
7.06 (m, 6H), 2.87 (t, J = 7.3 Hz, 4H), 1.48-1.62 (m, 10H), 1.18-1.45 (m, 18H), 1.02—
1.07 (m, 6H), 0.85-0.92 (m, 15H) ppm.

General procedure for the synthesis of compounds 115 and 116

Dibromide 117 (1.0 eq.) was dissolved in toluene, then a solution of Pd,(dba); (5.0
mol%) and P(2-furyl); (10 mol%) in toluene and the appropriate stannane (119 or
120, 1.0 eq.) were added. The resulting mixture was heated and stirred for 2 h, then
it was allowed to cool to room temperature and diluted with H,O (50 mL) and ethyl
acetate (100 mL). The phases were separated and the organic layers were washed
with brine and dried with Na,SO,. After filtration and evaporation of the solvent, the
crude product was purified by flash column chromatography.

(3E)-5-(5-(4-(diphenylamino)phenyl)-3,4-dihexylthiophen-2-yl)-5’-(5-bromo-3,4-
dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione (115)

Hi3Cs  CgHia 115

Dibromide 117 (185 mg, 0.225 mmol) was dissolved in toluene (15.0 mL) and reacted
with a solution of Pd,(dba); (12 mg, 0.011 mmol) and P(2-furyl); (5.2 mg, 0.022
mmol) in toluene (3.0 mL) and 4-tributylstannyl-N,N-diphenylaniline (119, 120 mg,
0.225 mmol) at 70 °C for 2h. After work-up, evaporation of the solvent gave a dark-
black solid which was purified by flash column chromatography (SiO,; petroleum
ether / toluene 6:1 to 2:1) to give pure 115 (56 mg, 0.056 mmol, 25% yield) as a dark-
blue solid together with starting material 117 (52 mg, 28% recovery).

(115): "H-NMR (400 MHz, CDCl3): & = 7.27-7.33 (m, 7H), 7.23 (s, 1H), 7.15 (d, J = 7.5
Hz, 4H), 7.06-7.10 (m, 4H), 2.81-2.85 (m, 4H), 2.51-2.62 (m, 4H), 1.47-1.66 (m, 12H),
1.24-1.43 (m, 20H), 0.79-0.91 (m, 12H) ppm. *C-NMR (75 MHz, CDCly): & = 167.2,
166.9, 155.0, 152.8, 148.7, 148.3, 147.4, 145.8, 145.5, 144.5, 141.0, 129.9, 129.6,
127.3,126.3, 125.3, 125.2, 124.0, 123.8, 123.5, 122.5, 116.6, 104.1, 104.0, 31.7, 31.6,
31.5,31.0, 30.2, 30.0, 29.9, 29.7, 29.6, 29.5, 29.4, 28.5, 27.4, 22.7, 14.2 ppm. IR (KBr):
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¥ = 3029, 2924, 2853, 1762, 1559, 1199 cm™ . ESI-MS: m/z = 987.28 [M+1]". UV-Vis
(CHCl3): Amax (€ M7 cm™]) = 639 (58400), 331 (20711) nm.

(3E)-5-(5-(4-(bis(4-(hexylthio)phenyl)amino)phenyl)-3,4-dihexylthiophen-2-yl)-5’-(5-
bromo-3,4-dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione (116)

H13Cs

H1CeS Hi3Cs  CgHiz 116

Dibromide 117 (180 mg, 0.218 mmol) was dissolved in toluene (12.0 mL) and reacted
with a solution of Pd,(dba); (11 mg, 0.011 mmol) and P(2-furyl); (5.1 mg, 0.021
mmol) in toluene (3.0 mL) and 4-tributylstannyl-N,N-(4-hexylthiophenyl)aniline (120,
168 mg, 0.218 mmol) at 60°C for 2h. After work-up, evaporation of the solvent gave a
dark-black solid which was purified by flash column chromatography (SiO,;
petroleum ether / toluene 6:1 to 2:1) to give pure 116 (72 mg, 0.059 mmol, 27%
yield) as a blue gummy solid together with starting material 117 (51 mg, 28%
recovery).

(116): 'H-NMR (300 MHz, C¢D¢): & = 7.47 (s, 1H), 7.31-7.38 (m, 3H), 7.25 (d, J = 8.7
Hz, 4H), 7.06 (d, J = 8.6 Hz, 2H), 6.98 (d, J = 8.6 Hz, 4H), 2.81-2.92 (m, 2H), 2.58-2.76
(m, 8H), 2.40-2.49 (m, 2H), 1.70-1.82 (m, 2H), 1.05-1.68 (m, 46H), 0.95-1.02 (m,
6H), 0.79-0.94 (m, 12H) ppm. C-NMR (75 MHz, C¢D¢): & = 166.8, 166.5, 155.0,
153.0, 148.4, 148.3, 145.6, 145.4, 145.3, 144.5, 141.0, 132.6, 131.4, 131.0, 130.4,
125.8, 125.5, 125.0, 124.8, 124.0, 122.8, 116.7, 104.43, 104.39, 34.4, 31.94, 31.87,
31.76, 31.66, 31.3, 30.4, 30.2, 30.1, 30.0, 29.9, 29.8, 29.7, 29.6, 28.8, 28.6, 27.7,
23.13, 23.07, 22.98, 22.91, 14.39, 14.36, 14.31, 14.25 ppm. IR (KBr): ¥ = 3014, 2927,
2855, 1762, 1560, 1199 cm™. ESI-MS: m/z = 1220.32 [M+1]".
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2-Tributylstannyl-5-formylthiophene (123)

Buaan\*\//o

H

123

N,O-dimethylhydroxylammonium chloride (0.317 g, 3.25 mmol, 1.3 eq.) was
suspended in THF (10 mL), then, after cooling to —40 °C, a 1.6 M solution of n-Buli
(6.50 mmol, 4.06 mL, 2.6 eq.) in hexane was added and the resulting solution was
stirred for 30 minutes at —40 °C. 2-thiophenecarboxaldehyde (121, 0.280 g, 2.50
mmol, 0.234 mL, 1.0 eq.) was added and the solution was stirred for 45 minutes at —
40 °C. A second portion of the 1.6 M solution of n-Buli (3.75 mmol, 2.34 mL, 1.5 eq.)
in hexane was added, then, after one hour stirring at —40 °C, BusSnCl (0.977 g, 3.00
mmol, 0.814 mL, 1.2 eq.) was added and the resulting mixture was allowed to return
to room temperature and was stirred for 16 hours. A saturated aqueous solution of
NH,CI (30 mL) and ethyl acetate (30 mL) were added, the two phases were separated
and the organic layer was washed with brine and dried with Na,SO,. After filtration,
removal of the solvent under vacuum afforded the crude product which was purified
by flash column chromatography (SiO,; petroleum ether / ethyl acetate 20:1) to give
desired product 123 (0.627 g, 1.56 mmol, 63%) as a yellow liquid.

(123): *H-NMR (400 MHz, CDCls): & = 9.94 (s, 1H), 7.84 (d, J = 3.5 Hz, 1H), 7.26 (d, J =
3.5 Hz, 1H), 1.52-1.60 (m, 6H), 1.29-1.38 (m, 6H), 1.13-1.17 (m, 6H), 0.89 (t, J = 7.3
Hz, 9H) ppm. *C-NMR (75 MHz, CDCl;): & = 182.0, 151.6, 149.3, 136.8, 136.3, 29.0,
27.3,13.7,11.1 ppm.

General procedure for the synthesis of compounds 113 and 114

The appropriate bromide (115 or 116, 1.0 eq.) was dissolved in toluene, then a
solution of Pd,(dba); (5.0 mol%) and P(2-furyl); (10 mol%) in toluene and 2-
tributylstannyl-5-formylthiophene (123, 2.0 eq.) were added. The resulting mixture
was heated to 70 °C and stirred for 4 hours, then it was allowed to cool to room
temperature and diluted with H,0 (50 mL) and ethyl acetate (100 mL). The phases
were separated and the organic layers were washed with brine, and dried with
Na,SO,. After filtration and evaporation of the solvent, the crude product was
purified by flash column chromatography.
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(3E)-5-(5-(4-(diphenylamino)phenyl)-3,4-dihexylthiophen-2-yl)-5’-(5-(5-
formylthiophen-2-yl)-3,4-dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione (113)

HiaCe  CeHia

HiaCe  CgHis 113

Bromide 115 (73 mg, 0.074 mmol) was dissolved in toluene (9.0 mL) and reacted with
a solution of Pd,(dba); (3.8 mg, 3.7 umol) and P(2-furyl); (1.7 mg, 7.4 umol) in
toluene (3.0 mL) and 2-tributylstannyl-5-formylthiophene (123, 59 mg, 0.148 mmol).
Work-up and purification by flash column chromatography (SiO,; petroleum ether /
toluene 2:1 to 1:3) afforded pure aldehyde 113 (43 mg, 0.042 mmol, 57% vyield) as a
black solid.

(113): "H-NMR (400 MHz, CDCl5): § = 9.91 (s, 1H), 7.73 (d, J = 4.0 Hz, 1H), 7.34 (s, 1H),
7.27-7.33 (m, 8H), 7.15 (d, J = 7.7 Hz, 4H), 7.06-7.10 (m, 4H), 2.66—2.88 (m, 6H),
2.57-2.64 (m, 2H), 1.48-1.66 (m, 16H), 1.25-1.42 (m, 16H), 0.85-0.94 (m, 12H) ppm.
BC-NMR (100 MHz, CDCl,): & = 182.7, 167.1, 166.9, 155.3, 152.7, 149.0, 148.4, 147.6,
147.4, 145.9, 145.2, 143.6, 143.5, 141.1, 136.7, 134.6, 129.9, 129.6, 127.4, 127.2,
126.5, 125.6, 125.3, 124.0, 123.8, 123.2, 122.4, 105.3, 104.2, 31.7, 31.64, 31.61, 31.5,
31.0, 30.5, 30.2, 30.0, 29.9, 29.8, 29.7, 29.5, 29.4, 29.1, 28.2, 27.5, 22.79, 22.77,
22.74, 22.72, 14.2 ppm. IR (KBr): ¥ = 3062, 2924, 2854, 1757, 1661, 1551, 1201 cm™".
ESI-MS: m/z = 1063.70 [M+C,H¢O]". UV-Vis (CHCl3): Amax (€ [M™* cm™]) = 665 (64600),
345 (21400), 308 (20100) nm.

(3E)-5-(5-(4-(bis(4-(hexylthio)phenyl)amino)phenyl)-3,4-dihexylthiophen-2-yl)-5’-(5-
(5-formylthiophen-2-yl)-3,4-dihexylthiophen-2-yl)-3,3’-bifuranylidene-2,2’-dione
(114)

H3CgS

H13CeS HisCs  CgHiaz 114
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Pd,(dba); (3.8 mg, 3.7 umol) and P(2-furyl); (1.7 mg, 7.4 umol) were dissolved in
toluene (10 mL) and reacted with bromide 116 (90 mg, 0.074 mmol) and 2-
tributylstannyl-5-formylthiophene (123, 59 mg, 0.148 mmol). Work-up and
purification by flash column chromatography (SiO,; petroleum ether / toluene 2:1 to
1:3) afforded pure aldehyde 114 (52 mg, 0.042 mmol, 57% yield) as a blue gummy
solid.

(114): "H-NMR (300 MHz, C;Dq): & = 9.46 (s, 1H), 7.49 (s, 1H), 7.48 (s, 1H), 7.35 (d, J =
8.3 Hz, 2H), 7.25 (d, J = 8.3 Hz, 4H), 7.07 (d, J = 8.6 Hz, 2H), 6.98 (d, J = 8.4 Hz, 4H),
6.93 (d, J = 3.8 Hz, 1H), 6.84 (d, J = 3.8 Hz, 1H), 2.82—2.94 (m, 2H), 2.56-2.79 (m, 10H),
1.68-1.82 (M, 2H), 1.05-1.68 (m, 46H), 0.95-1.02 (m, 6H), 0.79-0.94 (m, 12H) ppm.
BC-NMR (75 MHz, C¢D¢): 6 = 181.8, 166.8, 166.6, 155.2, 153.1, 148.7, 148.3, 147.7,
145.6, 145.4, 144.3, 144.1, 143.4, 141.1, 136.1, 135.2, 132.7, 131.0, 130.4, 127.4,
126.8, 125.9, 125.7, 124.9, 123.8, 122.8, 105.6, 104.5, 34.4, 32.0, 31.9, 31.74, 31.66,
31.3, 30.5, 30.4, 30.2, 30.1, 29.8, 29.6, 29.3, 28.8, 28.3, 27.7, 23.1, 23.0, 22.9, 144,
14.3, 14.2 ppm. IR (KBr): ¥ = 3027, 2925, 2853, 1752, 1655, 1552, 1203 cm . ESI-MS:
m/z =1251.42 [M+1]".

Note: In the >C-NMR of compound 114 recorded in C,Ds, one aromatic signal was
covered by the signal belonging to benzene.

General procedure for the synthesis of dyes AD351 and AD364

The appropriate aldehyde (113 or 114, 1.0 eq.) was dissolved in toluene, then a
solution of cyanoacetic acid (1.3 eq.) and piperidine (1.0 eq.) in MeCN was added.
The resulting mixture was heated to 70 °C and stirred for 5 hours, then chloroform
(200 mL) and an aqueous solution of HCl 3M (100 mL) were added. After separation
of the phases, the solvent was evaporated. The resulting black solid was purified by
consecutive washing with pentane, diethyl ether, methanol and ethyl acetate and
dried under vacuum.
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2-Cyano-3-(5-(5-((3E)-3-(2-oxo0-5-(5-(4-(diphenylamino)phenyl)-3,4-
dihexylthiophen-2-yl)-furan-3(2H)-ylidene)-furan-2(3H)-on-5-yl)-3,4-
dihexylthiophen-2-yl)thiophen-2-yl)acrylic acid (AD351)

Hi3Cs  CeHia

Hi13Cs  CgHis AD351

Aldehyde 113 (30 mg, 0.029 mmol) was dissolved in toluene (4.0 mL) and reacted
with a solution of cyanoacetic acid (3.2 mg, 0.038 mmol) and piperidine (2.5 mg,
0.029 mmol, 2.9 pL) in MeCN (2.0 mL). Work-up and purification afforded compound
AD351 (12 mg, 0.011 mmol, 37% yield) as a dark solid.

(AD351): *H-NMR (300 MHz, THF-dg): & = 8.37 (s, 1H), 7.80-7.91 (m, 1H), 7.43-7.52
(m, 1H), 7.22-7.41 (m, 8H), 6.99-7.19 (m, 8H), 2.81-2.97 (m, 6H), 2.61-2.74 (m, 2H),
1.51-1.68 (m, 12H), 1.21-1.49 (m, 20H), 0.79-0.98 (m, 12H) ppm. *C-NMR (75 MHz,
THF-dg): & = 166.8, 166.6, 163.7, 155.5, 153.3, 149.2, 149.0, 148.2, 148.1, 146.1,
145.9, 144.6, 144.2, 141.5, 139.9, 139.1, 137.5, 135.6, 130.4, 130.1, 128.0, 127.8,
126.9, 125.8, 124.6, 124.4, 123.9, 122.8, 116.4, 105.6, 104.3, 100.5, 32.4, 32.3, 32.2,
31.5, 31.2, 30.6, 30.48, 30.46, 30.41, 30.3, 30.1, 29.8, 29.5, 28.9, 27.9, 23.40, 23.34,
23.30, 14.3 ppm. IR (KBr): ¥ = 3421, 3067, 2923, 2853, 2211, 1759, 1552, 1201 cm™™.
ESI-MS: m/z = 1084.93 [M]". UV-Vis (CHCl3): Amax (€ [M™ cm™]) = 676 (58500), 438
(11000), 336 (18700), 311 (18200) nm.

2-Cyano-3-(5-(5-((3E)-3-(2-ox0-5-(5-(4-(bis(4-(hexylthio)phenyl)amino)phenyl)-3,4-
dihexylthiophen-2-yl)-furan-3(2H)-ylidene)-furan-2(3H)-on-5-yl)-3,4-
dihexylthiophen-2-yl)thiophen-2-yl)acrylic acid (AD364)

H13CeS Hi3Cs  Cehya

H13CeS Hi3Cg  CgHys AD364
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Aldehyde 114 (50 mg, 0.040 mmol) was dissolved in toluene (6.0 mL) and reacted
with a solution of cyanoacetic acid (4.4 mg, 0.052 mmol) and piperidine (3.4 mg,
0.040 mmol, 4.0 pL) in MeCN (3.0 mL). Work-up and purification afforded compound
AD364 (33 mg, 0.025 mmol, 62% yield) as a dark solid.

(AD364): "H-NMR (300 MHz, THF-dg): & = 8.34 (s, 1H), 7.83 (d, J = 3.9 Hz, 1H), 7.45 (d,
J=3.9 Hz, 1H), 7.19-7.41 (m, 8H), 6.98-7.13 (m, 6H), 2.79-2.98 (m, 10H), 2.60-2.74
(m, 2H), 1.54-1.68 (m, 12H), 1.22-1.48 (m, 36H), 0.83-0.98 (m, 18H) ppm. *C-NMR
(75 MHz, THF-dg): & = 166.7, 166.5, 163.6, 155.4, 153.3, 149.0, 148.7, 148.3, 145.90,
145.87, 145.7, 144.6, 144.2, 141.5, 139.1, 137.5, 135.6, 132.9, 131.1, 130.5, 128.00,
127.96, 126.9, 126.1, 125.8, 124.7, 123.9, 122.8, 116.4, 105.6, 104.3, 100.4, 34.5,
32.4, 32.3, 32.2, 30.51, 30.47, 30.43, 30.3, 30.1, 30.0, 29.2, 23.43, 23.41, 23.36,
23.32, 23.29, 14.3, 14.2 ppm. IR (KBr): ¥ = 3435, 2924, 2853, 2212, 1760, 1522, 1201
cm™. ESI-MS: m/z = 1316.41 [M]". UV-Vis (CHCl3): Amax (€ [M~* cm™]) = 681 (72300),
443 (12600), 331 (34300) nm.

5.3.2. Electrochemical characterization

Cyclic voltammetry measurements were carried out in commercially available
anhydrous 99.9%, HPLC grade dichloromethane for electrochemistry. The supporting
electrolyte used was electrochemical grade [N(Bu)s]PFs. Cyclic voltammetry was
performed in a three-electrode C-3 BAS Cell having a glassy carbon working
electrode, a platinum counter electrode and the aqueous Ag/AgCl NaCl (3M)
reference electrode. A BAS 100A electrochemical analyzer was used as a polarizing
unit. Under these experimental conditions, the one-electron oxidation of ferrocene
occursatE*'=+0.42 V.
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This Ph.D. work has been focused on the design and synthesis of new organic
photosensitizers suitable to be employed in DSSC devices. The target of this work has
been the design and the synthesis of new structures of dyes having good
photovoltaic performances, superior light-harvesting ability and long-term stability.
To obtain this goal we selected two new classes of dyes, characterized by a
thiazolo[5,4-d]thiazole and a 3,3'-bifuranylidene-2,2'-dione as Tescaffolds.

In the first part of this work (Chapter 3), a rapid and simple procedure for the
microwave-activated synthesis of thiazolo[5,4-d]thiazoles by condensation of
dithioxoamide with aromatic aldehydes, followed by oxidation (aromatization), was
described. Thiazolo[5,4-d]thiazoles 3b-r were obtained in good yields, using mild
conditions and often reducing the excess of aldehydes employed in the process.
Application of the reaction both on aromatic and aliphatic aldehydes, as well as
further elaboration of the reaction products by cross-coupling chemistry, were
demonstrated.

The synthesis and the characterization of five new thiazolo[5,4-d]thiazole-based dyes
(TTZ3-7) has been achieved (Chapter 4 described). The optimized synthetic
procedure proved to be general, robust and not sensitive to the modifications
required to introduce different functional groups on the compounds common
scaffold. The new sensitizers showed impressive visible light-harvesting properties,
with absorption maxima over 500 nm and molar extinction coefficients up to 9.67 x
10™ M™ cm™. Such properties prompted us to use our dyes as sensitizers for thin-
layer DSSCs: transparent and opaque small-scale (0.25 cm?) solar cells containing
dyes TTZ3-7 afforded good power conversion efficiencies (n up to 7.71%) and both
TTZ5 and TTZ7 recorded better photovoltaic performances than standard Ru-based
dye Z907. Sensitizers TTZ3-5 showed a similar behavior when they were employed
for the construction of larger-scale (3.6 cm?) strip solar cells containing a very thin
layer (3-5 um) of TiO,. Moreover, all the TzTz-based dyes examined at this stage
showed remarkable long-term stability, confirming their potential for a future use in
the BIPV sector.

The first two Pechmann-dyes (AD351 and AD364) with a potential application as
photosensitizers for DSSC were synthesized and completely characterized (Chapter
5). The Pechmann-unit proved to be quite sensitive to the presence of bases and
organic acids, but the employment of mild reaction conditions allowed the
functionalization of the scaffold through cross-coupling reactions. To the best of our
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Conclusions

knowledge, this is the first example of derivatization of a Pechmann-dye through
cross-coupling reactions. As predicted by the computational analysis, the sensitizers
AD351 and AD364 showed an intense cyan color in CHCI; solution due to a broad
absorption of solar light in the red/NIR region between 500 and 800 nm. Ground- and
excited-state oxidation potentials of the dyes were appropriate for their use in
DSSCs. Test solar cells measurements are currently in progress to evaluate the
photovoltaic performances of solar devices built with dyes AD351 and AD364.
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Annexes

List of abbreviations

BC-NMR

'H-NMR
Ac,0
AcOEt
BIPV
Bu,SnCl
CDCA
dba
DBU
DDQ
DFT
DMAP
DMSO
dppf
dppp
DSSC
EDOT
EIS
ESI-MS
Et,0
EtOH
FMOs
FTO
HOMO

Bcarbon-Nuclear magnetic resonance
1proton-NucIear magnetic resonance
Acetic anhydride

Ethyl acetate

Building-integrated photovoltaics
Tributyltin chloride
Chenodeoxycholic acid
Dibenzylideneacetone
1,8-diazabicycloundec-7-ene
2,3-Dichloro-5,6-dicyano-1,4-quinone
Density functional theory
4-Dimethylaminopyridine
Dimethylsulfoxide
1,1’-bis(diphenylphosphino)ferrocene
1,3-bis(diphenylphosphino)propane
Dye-Sensitized Solar Cells
Ethylenedioxythiophene
Electrochemical impedance spectroscopy
Electrospray ionization-mass spectrometry
Diethyl ether

Ethanol

Frontier molecular orbitals
Fluorine-Tin oxide

Highest occupied molecular orbital
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HRMS
ICT
IPCE

ITO
LDA
LHE
LUMO
MeCN
MeOH
MLCT
mp
Ms-4A
Mw
N,N-DMF
NBS
n-Buli
n-BuOH
NHE
NIR

NIS
OFET
PBPB
PE
ProDOT
PV

SET
TBP
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High-resolution mass spectrometry
Intramolecular charge transfer
Incident photon-to-current conversion efficiency
Infrared

Indium-Tin oxide

Lithium diisopropylamide
Light-harvesting efficiency

Lowest unoccupied molecular orbital
Acetonitrile

Methanol

Metal-to-ligand charge transfer
Melting point

Molecular sieves — 4 angstrom
Microwave
N,N-dimethylformamide
N-bromosuccinimide
n-butyllithium

n-butanol

Normal hydrogen electrode

Near infrared

N-iodosuccinimide

Organic field-effect transistor
Pyridinium bromide perbromide
Petroleum ether
Propylenedioxythiophene
Photovoltaics

Single-electron transfer

4-tert-butylpyridine



TCO
TD-DFT
THF
TzTz
UV-Vis

Transparent conductive oxide

Time dependent — density functional theory
Tetrahydrofuran

Thiazolo[5,4-d]thiazole

Ultraviolet-visible
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General experimental remarks

All air-sensitive reactions were performed under inert atmosphere in a flame- or
oven-dried apparatus using Schlenk techniques.' Solvents used in cross-coupling
reactions were previously degassed by means of the “freeze-pump-thaw” method.
Microwave-assisted transformations were carried out using a CEM Discover Bench-
Mate reactor at fixed temperature (surface sensor monitoring) and variable power
(max. power 300 W). Tetrahydrofuran (THF) was distilled over metallic sodium in the
presence of benzophenone, dioxane was distilled over metallic sodium, methanol
(MeOH) was distilled over metallic magnesium in the presence of a catalytic amount
of iodine, CH,Cl, was distilled over CaH,, toluene, diethyl ether and acetonitrile were
dried on a resin exchange Solvent Purification System (MBraun). Anhydrous N,N—
dimethylformamide (DMF) and CHCl; were stored under nitrogen over 4 A molecular
sieves. Liquid aldehydes were distilled under vacuum before wuse. 3,4-
Ethylenedioxythiophene-2-carboxaldehyde (4n)’ and 3,4-dibromothiophene (112)°
were prepared according to a published procedure. Dithiooxamide (2), 3,4-
dimethoxythiophene (16), diethyl malonate (19), 4-(diphenylamino)benzeneboronic
acid (20), 1-bromo-4-hexyloxybenzene (24), 4-hexyloxyaniline (25) 1-bromo-4-
iodobenzene (27), phenothiazine (32), 4-iodoanisole (33), 5-formylthiophen-2-
ylboronic acid (42), maleic anhydride (101), 4-bromo-N,N-diphenylaniline (118), 2-
thiophenecarboxaldehyde (121) and all other chemicals employed were
commercially available and used as received. Petroleum ether was the 40-60 °C
boiling fraction. Thin-layer chromatography was carried out on aluminum-supported
Merck 60 F254 plates; detection was carried out using UV light (A = 254 and 365 nm)
and permanganate or molybdophosphoric acid solutions followed by heating. Flash
column chromatography was performed using Merck Kieselgel 60 (300-400 mesh) as
the stationary phase. 'H-NMR spectra were recorded at 300 or 400 MHz, and “*C-
NMR spectra were recorded at 75.5 or 100.6 MHz, respectively, on Bruker Avance or
Varian Mercury series instruments. Chemical shifts were referenced to the residual
solvent peak (CDCls, § 7.26 ppm for 'H-NMR and & 77.16 ppm for *C-NMR; THF-dg &
1.72 and 3.58 ppm for 'H-NMR, & 67.21 and 25.31 ppm for *C-NMR; C¢D, 6 7.16 ppm
for 'H-NMR, & 128.06 ppm for *C-NMR; pyridine-ds, § 7.22, 7.58 and 8.74 ppm for
'H-NMR, & 123.9, 135.9 and 150.4 ppm for *C-NMR; DMSO-dg, & 2.50 ppm for 'H-
NMR; acetone-ds, & 2.05 ppm for 'H-NMR, & 206.7 and 29.92 ppm for *C-NMR). FT-
IR spectra were recorded with a Perkin-Elmer Spectrum BX instrument in the range
4000-400 cm™ with a 2 cm™ resolution. GC-MS spectra were measured with a
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Shimadzu gas-chromatograph (GC-17A or GC-2010) connected to a Shimadzu mass
spectrometer (MS-QP2010S or MS-QP5050a) and are reported in the form m/z
(intensity relative to base = 100). ESI-MS spectra were obtained by direct injection of
the sample solution using a Thermo Scientific LCQ-FLEET instrument. UV-Vis spectra
were recorded with a Varian Cary 400 spectrometer and a Shimadzu 2600 series
spectrometer, and fluorescence spectra were recorded with a Varian Eclipse
instrument, irradiating the sample at the wavelength corresponding to maximum
absorption in the UV spectrum. Elemental analyses were determined using a CHN-S
Flash E1112 Thermo Finnigan Elemental Analyser; the results were found to be in
good agreement with the calculated values. Melting points are uncorrected.

! Shriver D. F., Drezdzon M. A. “The Manipulation of Air-Sensitive Compounds”, John Wiley &
Sons, Hoboken, 1986

> Mohanakrishnan A. K., Hucke A., Lyon M. A., Lakshmikantham M. V., Cava M. P.
Tetrahedron, 1999, 55, 11745

3 Zhang Q. T., Tour J. M. J. Am. Chem. Soc., 1998, 120, 5355
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