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Abstract

The global challenge of sustainable development, clean energy and climate change
needs to be pursued by development of energy technologies. Moreover the energy sector is
responsible of two thirds of the world’s greenhouse-gas (GHG) emissions; therefore the
world needs to change the inefficient energy system based on fossil fuels to renewable
sources as sunlight, wind, rain, waves, tides, biomass and geothermal heat. Moreover, solar
energy is available throughout the world as radiant light or heat from the sun, using
technology such as photovoltaics devices. New generation of photovoltaics can provide an
alternative and complementary approach for the exploitation of solar energy; offers low
manufacture cost, they are flexible, light, and more environmental friendly; the most
promising for their remarkable progress are: organic solar cells, hybrid dye sensitized solar
cells, and perovskite solar cells. Nevertheless, in this thesis the first two types of cells will be
widely described focusing on devices comprising porphyrins, these molecules have been
explored due to their robustness, thermal stability, rich metal coordination chemistry, strong

aromaticity, optical, electronic and magnetic properties.

In the first chapter twelve novel symmetrical small molecules based on porphyrins, with
configuration A-n-D-n-A, were synthesized and characterized to be applied in solution
processed Bulk Heterojunction Solar Cells (BHJSC). Zinc porphyrin core (D) and =«
conjugated linker were separated by an ethynyl group, to improve the planarity and enhance
the © conjugation of the system. Furthermore, each molecule comprise two strong = electron
withdrawing moieties (A) to control the absorption spectrum in the near infrared region, by a
conjugation with electron rich aromatic units. In order to study, all molecules were
synthesized and properly characterized, photophysical and electrochemical properties were
measured, and theoretical HOMO-LUMO orbitals and optimized geometries were calculated.
Additionally, to complete these studies, devices were prepared and their performance was
evaluated; the best PCE (4.24%) was achieved with PC71:BM:SA4 (4:1 w/w) (comprising a
mesityl zinc porphyrin core, (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as = conjugated

linker and 3-ethylrhodanine as acceptor), with a high short circuit current of 13.2 mAcm-2.

In the second chapter six novel dyes bearing triphenylamine substituted porphyrins, AsB,
were synthesized and characterized by spectroscopic techniques. The optical and
electrochemical properties were investigated to determine the electronic features of these
compounds. Moreover these molecules were employed as sensitizers in Dye Sensitized
Solar Cells (DSSCs) hybrid devices with nanocrystalline TiO2, and their efficiencies were
measured in. The best PCE (6.0%) was achieved for SA15 employing one thiophene ring

connected between the conjugated porphyrin core and the anchoring cyanoacrylate group.

Xl



Novel designs of porphyrin and improvements in photovoltaic devices can be achieved.
Therefore, there is still much work to be done to improve solar cells for commercial
applications

XV
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Energy, a global challenge

The global challenge of sustainable development, clean energy and climate change
needs to be pursued by development of energy technologies. The report of the
Intergovernmental Panel on Climate Change (IPCC) 2014, informed that scientist were more
than 95% certain that the most of the global warming is caused by increasing concentration
of the greenhouse-gas (GHG, carbon dioxide, methane, nitrous oxide, fluorinated gases) and
other anthropogenic activities. Figure 1 shows global emissions of GHG in 2012 provided by
the World Resources Institute (WRI).1

Figure 1. GHG emission in 2012

The energy sector is responsible of two thirds of the world's GHG emissions.? Since
1995 to 2012 the concentration of GHG emissions have raised to 435 ppm CO:2 eq. and

these gases have increased more than one quarter® (Figure 2).

The BP energy outlook 2035 in the edition 2015 described the energy landscape and the
projection to the next 20 years: according to this publication, fossil fuel lose share by 2035
but remain the dominant form of energy, with 25-26%, and renewables including biofuels,
gain share, from around 3% in 2015 to 8% in 2035* (Figure 3).

The world needs to change the inefficient energy system based on fossil fuels to
renewable sources as sunlight, wind, rain, waves, tides, biomass and geothermal heat. The
renewable energy directive of the European Commission sets rules for 20% renewables

target by 2020 to ensure secure, affordable and climate friendly energy.5®
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Figure 3. Graph of energy landscape (BP energy outlook 2035)*

Solar energy, a good and abundant choice

Solar energy is available throughout the world as radiant light or heat from the sun, using
technology such as photovoltaics, solar architecture, artificial photosynthesis, solar thermal
power, solar heating and concentrated solar power.® The average intensity of total solar
irradiance deposits on the surface of the Earth is 1362 watt/m? according to the last NASA
satellite missions.” This value is higher than the actual demand and makes the sun energy

the most abundant resource on earth.
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The International Energy Agency (IEA) reported on September 2014, that the sun could
be the largest source of electricity by 2050. According to the roadmaps, 16% of electrical
energy generated by photovoltaics, and 11% generated by concentrating solar power plants,

preventing the emission of more than 6 billion tons of carbon dioxide per year.®

Figure 4. Approximate size of Earth compared to the Sun (Earth shown for size
comparison), credit ESA and NASA®

Photovoltaics, source of electricity

Photovoltaic cells are electronics devices that converting solar energy directly into
electricity by photovoltaic effect, enabling photons to “extract” the electrons out of a
molecular lattice, leaving a free electron and a “hole” pair which diffuse into an electric field
to separate contacts, generating direct current (DC) electricity. This technology does not emit

greenhouse gases (GHG) or pollutants during operation.

Edmund Bequerel discovered the photovoltaic effect in 1839, when he observed that
platinum covered with silver bromide or silver chloride electrodes illuminated in aqueous
solution produced a photocurrent.1° In 1905, Einstein described the nature of light and the
photoelectric effect on which photovoltaic technology is based.'! However, the first silicon
solar cell was introduced in 1953 by Bell Laboratories,!? from this research until now the

innovation on this technology have been developed.

The operation of photovoltaics requires three basic steps for generation of electrical

power via the absorption of incident sunlight:13
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1. Absorption of photons by the photoactive material, generating electron and hole
pairs (excitons).

2. Photoinduced charge separation and the generation of mobile carriers.

3. Collection of electrons at one electrode and holes at the opposite electrode

(separation and extraction of carriers to an external circuit).

Electron flow

N-type silicon

P-type silicon

“Hole” flow

Figure 5. Solar cell and the photovoltaic effect

Solar photovoltaic cells are commercially available with a significant potential for growth.
In the last years the photovoltaic capacity has increased to 150 gigawatts (GW). Since early
2014, the Republic of China has led the global market followed by Japan and the United
States (Figure 6).14

Thailand canada India
1% 2% 2%

Other countries
9%

South Africa

2%

Korea
2%

Australia
/0
France
2%
Germany
5%

Figure 6. Global PV market in 2014
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Figure 7. Photograph of a photovoltaic device installed in a Guatemalan’s house

The National Renewable Energy Laboratory (NREL) presents a graphic of highest
confirmed conversion efficiencies for research cells from 1976 to 2015 (Figure 8). The best
efficiency is around 46% by the multi-junction cells (four junctions or more concentrator),
these devices can achieve a higher total conversion efficiency because they can convert
more of the energy spectrum of light to electricity, using more than one band gap and more
than one junction, to generate a voltage but these cells are expensive and their application is

preferred in space applications.
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The silicon dioxide panels have good efficiencies but are expensive and not
environmental friendly; its construction involves some risks due to the quartz extracted from
mines and then refined into elemental silicon, putting the miners in risk of lung disease
silicosis. The process to turning metallurgical grade silicon into a purer form called
polysilicon generates the toxic silicon tetrachloride. The thin film devices are usually made of

cadmium, a heavy metal known to be carcinogenic and genotoxic.

The emerging solar cells have lower efficiencies but they have some advantage (cost,
flexibility, lightness) in comparison to silicon photovoltaics. 7 Figure 8 shows the

improvement of the efficiency in the last 24 years.

Emerging photovoltaic technologies

New generation of photovoltaics have been researched in the last years, the most
promising for their remarkable progress are organic solar cells, hybrid dye sensitized solar

cells, and perovskite solar cells.'® In the next section, the first two will be widely described.

The emerging solar cells can provide an alternative and complementary approach for the
exploitation of solar energy; offers low manufacture cost, they are flexible, light, and more
environmental friendly. Organic semiconductors are a less expensive alternative to inorganic
semiconductors like Si. In addition, organic molecules can be processed by techniques not

available for crystalline inorganic semiconductors.’
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Porphyrins, interesting molecules for solar cells

The term "porphyrin® comes from the Greek prophyros and means purple.1® These
molecules play a very important role in the metabolism of living organism: the chlorophylls of
chloroplasts drive the photosynthesis allowing the plants and other organisms to convert light
energy into chemical energy that can be released to fuel the organisms’ activities. Other
significant porphyrin is the Heme as a component of hemoglobin that transports oxygen to

animal tissues and as the central unit of myoglobin ensuring the storage of oxygen.?°

Figure 9. Three different porphyrins in solution in CH2Clz (left) and solid functionalized

porphyrin (right)

Porphyrins have been explored in different disciplines due to their structural robustness,
thermal stability, rich metal coordination chemistry, strong aromaticity, emission, electronic
and magnetic properties. The structure of a porphyrin is a macrocycle that consist in four

pyrroles and four methine carbons, having 18 n-electron being aromatic (Figure 10).

Figure 10. Porphyrin structure
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The NH protons inside the ring of porphyrins possess acidic character and hence can be
deprotonated yielding porphyrinato ions. These dianion species, with their electronically
sensitive planar framework and central cavity with more or less rigid size, exhibit remarkable
ligation characteristic towards metal ions. A crucial factor to form stable metalloporphyrins
seems to be the compatibility of porphyrin ring size with the ionic radical of the metal cations.
Stable complexes result when these two sizes match while their instability tends to increase
when the size of the cation is too big or too small with very few exceptions. The minimum
coordination number of the metal ion possible in metalloporphyrin is four, and the dianion

porphyrinato is ideally suited to act as a tetradenate ligand with metal ions.2!

Synthesis of the porphyrin macrocycle is not easy; in 1986 Lindsey described a method
of synthesis of meso-substituted porphyrins in gram scale by reaction of pyrrole with the
corresponding aldehyde under acid catalysis and an oxidizing agent. It is important to control
the concentration of reagents to find a balance between porphyrin formation and possible
products of polymerization of pyrrole with the aldehyde to give high molecular weight
polymers. Different methods of synthesis of both symmetric and asymmetric substituted

porphyrins in the meso positions have been described.??

Porphyrins show strong visible light absorption bands due to the n-n* electron transition
of the macrocycle. The UV-Vis absorption spectrum of porphyrin exhibits characteristic Soret
and Q bands. Optical transitions from the closely spaced HOMO and HOMO+1 to the LUMO,
interact strongly to generate a high energy Sz excited state with a large oscillator strength in
the blue of the visible spectrum (Soret band) located between 390 and 430 nm. A lower
energy Si excited state with diminished oscillator strength in the red of the spectrum (Q
band) around 480 and 700 nm.z The Q bands are consequent to the vibronic transitions to
S1 excited state.?* The electrons of the central substituents has a lower impact in the optical
Q absorptions, and the spectra of free-base porphyrins changes from four banded to a two

banded spectrum after the metalation, due to the symmetry of the free-base porphyrin.2>

The photoluminescence spectra of the porphyrins displays small Stokes shifts (difference
between position of the maxima absorption band and emission spectra being of the same
electronic transition).?627 Two peaks appear due to the transition from the S: state back to
different vibronic levels of So ground state. Zinc porphyrins show dual fluorescence, the
emission of Sz and Si due to the large energy gap between both excited states, causes slow
internal conversion. For metalloporphyrins the single excited state lifetimes are near to 1 ps
from the Sz and ~2 ns from S1.282° The fluorescence bands for metalloporphyrin are around

600 nm and the phosphorescence bands are near 700 nm.
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Figure 11. Characteristic absorption bands of porphyrins

Recently, the application of this type of molecules in photovoltaics has received great
attention,3 due to the high absorptivity (extinction coefficient € > 104 M~'cm~') over the
spectral range corresponding to the solar irradiance spectrum at the earth’s surface. The
solar irradiance spectrum air mass (AM) 1.5, is the most intense measure of the sun’s
energy to reach earth’s surface (>0.75 W-m=2nm-") between 375 and 900 nm. Porphyrins
containing redox inactive metals usually shows two one electron oxidation and two one
electron processes reductions (reversible).3! Porphyrins donate electrons to the acceptor as
consequence of the absorbing sunlight and to the low first oxidation potential, donating

electrons to the acceptor group.

Oligothienylenevinylenes (nTVs) as = conjugated linkers

The unique electronic properties of linear n-conjugated systems (conjugated polymers
and oligomers) originated from the delocalization of n-electrons over a number of recurrent
monomer units, allowing their application as advanced materials in electronic and photonic

areas.3?

The oligothienylenevinylenes (nTV's) belong to the second generation of conjugated
oligomers and have been studied as linkers between electroactive moieties,3 due to their
stability and their high electron delocalization, working as rigid wire to provide a stable
distance and reproducible behavior between the donor and the acceptor groups or anchoring

group.34

These electron-rich molecules are formed by repetitive number of monomer units and
based on an aromatic structure of thiophenes linked through positions 2 and 5 by vinylene
fragments (Figure 12), B positions, 3 and 4, may remain free or can be used to modify its
physical properties. Adding alkyl chains to the 3 position of nTVs increase their solubility and

produce a bathochromic effect.
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Figure 12. nTV's structure

The planarity of oligothienylenevinylenes causes further electron delocalization and a
decrease in the energetic HOMO-LUMO difference.® The presence of double bonds of the
configuration produces at the same time a decrease of the overall aromatic character of the
linear conjugated system and hence of n-electron localization and the suppression of the

rotational disorder.32

New oligormers and co-oligormers based in thiophene have been studied at the Institute
of Nanoscience, Nanotechnology and Molecular Materiales (INAMOL), UCLM. Novel
synthetic procedures that allow the achievement of lengths of oligomers near to the effective
conjugation length and their electronic and optical properties have been studied in a wide
number of Donor-Bridge-Acceptor, Donor-Bridge-Donor and Acceptor-Bridge-Acceptor
systems. The effect of the introduction of vinylenes or ethynylene linkers between monomers
is also taken into account. The performance of the bridges is addressed by the
functionalization of the edges with electron donors or electron acceptors, to study the
delocalization of charges through the bridges. The photophysical studies of oligomers and
co-oligomes acting as bridges are elucidated in collaboration with other international
research groups related with the field of nanoscience and nanotechnology, the next

paragraphs include some of the most relevant studies.

A set of novel oligo-thienylenevinylene organic molecules have been synthesized and
characterized for use as electron donor moieties in bulk-heterojunction solution-processed
organic solar cells combined with PC7:BM as an electron acceptor3®. The results show a
broad range of solar-to-electrical conversion efficiencies, with values up to 4.9% achieved,
although it was demonstrated that all device performances were mainly limited by lower
mobility, which limited the fabrication of the solar cells to very thin active layers. An increase
in the number of thiophene units and the use of alkyl chains broaden the absorption spectra
to the red region and allow higher FF, nevertheless an increase in charge recombination was

also observed in these cases.

Molecular architectures formed by zinc porphyrins (ZnP), and fullerenes linked by
various bridging groups have been the subject of numerous studies in recent years. Although
Ceso—nTV dyads have been investigated in which nTVs act as electron donors. The small

damping factor (3=0.016) for the charge separation via ZnP suggests the high effectiveness
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of nTV as molecular wire.3” Novel donor-bridge—acceptor arrays covalently connected by
oligo(thienylenevinylene) (nTV) molecular wires (n = 3 and 8), show the influence of the
nTV-length on the electrochemical and electronic properties of the ZnP—nTV-Ceo triads. The
fluorescence measurements on the intensity quenching and lifetime shortening have been
revealed through the direct communication between the excited state of ZnP and remote Ceo
over the nTV bridge.38

New dyes based on conjugated thienylenevinylene units and electron-donating
triphenylamine unit (TPA) have been synthesized and used as efficient light-harvesting
materials in molecular photovoltaic devices. These dyes show efficient electron injection into

the TiO2 conduction band and slow back electron transfer to the oxidized dye.34°

In this thesis, nTVs have been used as connectors for its good behavior as molecular

wires, allowing an extending n conjugation of the porphyrin systems.
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Porphyrins for Bulk Heterojunction
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PORPHYRINS FOR BULK HETEROJUNCTION SOLAR CELLS (BHJSC)

1. Porphyrins for Bulk Heterojunction Solar Cells (BHJSC)
1.1 Organic photovoltaics (OPV)

Organic semiconductors have the ability of transporting charge carriers and are appealing
for their properties and their improvements in performance of photonic applications, such as
organic light-emitting diodes (OLED), organic field-effect transistors (OFET), organic solar cells
(OSC), sensors, liquids crystals and others optoelectronic applications.t:2 The advances in
synthetic organic chemistry have allowed to prepare a wide variety of conjugated systems with
good optoelectronic properties to be a part of organic devices.?

Figure 13. Photography of organic solar cell*

The first organic photovoltaic cell came in 1959 when an anthracene single crystal was

studied; this cell exhibited a photovoltage of 200 mV with an extremely low efficiency.®

Usually, organic solar cells comprise a p-type, organic semiconductor (electron donor,
polymeric or small molecules) and n-type (electron acceptor). ® High optical absorption
coefficients of these materials offer the possibility of the production of very thin solar cells,
flexible devices that can be fabricated using high throughput: a low temperature approach that

employs well established printing techniques.?:8:910

The absorption of a solar photon creates an exciton, which diffuse to the D/A interface,
where they are dissociated into free holes and electrons. Opposite polarity carriers (holes and
electrons) transport through the donor and acceptor channels to anodes and cathodes
respectively, subsequently charges are collected at the electrodes and resulting in the
generation of electrical power.®

According to Mishra and Bauerle fundamental steps occurring in these devices are:?

1. The photoexcitation of the donor to produce an exciton (electron and hole pair

bound by Coulumb interactions).
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2. Subsequent diffusion of the exciton in the donor-acceptor interface (longer diffusion
length).

3. Dissociation of bound excitons at the D/A interface to form an electron-hole pair
(increased charge separation requires optimal energy offset between LUMO of the
donor and LUMO of the acceptor).

4. Free charge carrier transport and collection at the external electrodes.

Acceptor

o 4

LUMO ° °

r R}

D LUMO
1 : _) cathode |
hV : Donor

HOMO

Figure 14. Fundamental steps in OPV

There are two principal types of architectures for donor-acceptor interphase of OPV:

e Planar heterojunction cells (PHJ), formed by two successive deposited donor and
acceptor layers.

e Bulk heterojunction (BHJ), these are devices containing heterogeneous mixtures of
unstructured donor-acceptors, producing a higher internal interface. The composite
materials of donor and acceptor have a phase separation of nanoscale size.3

Cathode ’ Cathode '
Acceptor
Donar
Doner Acceptor
Anode
Anode

Figure 15. Planar heterojuction (left) and bulk heterojuction (right)

The two principal processing techniques for the fabrication of OPV devices are: vacuum
deposition and solution processing. The bilayer heterojunction is fabricated by vacuum
deposition due to difficulty finding suitable solvents for donor layer and acceptor layer without

destroying the donor-acceptor interface.® The solution processes (spin-coating, dip-coating,
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inkjet printing, and spray technique) for BHJ, allow large-scale production by printing
technigues.!® The morphology and phase separation of the active layer is related to the nature

of the material and can be optimized by controlling the manufacturing conditions.

Fullerenes derivatives are the most successful acceptors in the OPVs due to their ability and
high electron affinity.® Typically Cso and C7o are used as acceptors in vacuum deposited OPVs,
while PCe1BM and PC7:BM (Figure 16), are used in solution processed OPVs as acceptors.®
PCe1BM has a limited absorption in the visible region, which limits its contribution to the Jsc of
the device. PC71BM is less symmetric, giving rise to optical transitions, therefore extending its
absorption spectrum into the visible region, so it can often provide a complimentary absorption

profile to the donor materials, and increase the overall Jsc.

Figure 16. PCs1BM (left) and PC71BM (right)

Other fullerene derivatives have been used as acceptor in recent years.® Among others,
PCs:BM analogues where the phenyl ring replaced by thiophene, fluorene, or triphenylamine

units and bis-adducts of PCBM have been successfully synthesized.12.13

Recently, it has been demonstrated that n-conjugated systems substituted with electron-
withdrawing moieties, generally exhibit lower LUMO energy levels and therefore facilitate
electron injection, leading to an increased n-type character.® Over the last years, nonfullerene
based n-type materials have been tested as acceptors:!* diketopyrrolopyrrols,® derivates of
pentacene, 16 derivate of imides, 17 - 18 . 19 chlorinatedSubPc, 2° anthradithiophene, 2!
oligothiophene, 22:23 benzothiadiazole derivates,?* dicyano-substituted derivatives,25:26 among
others.?” However, compared to fullerenes and their derivatives, non-fullerene acceptors have
shown lower performance in OPV devices, especially in solution processed BHJ OPVs.6 The
main limitations most often arise from blend morphology and charge transport issues,

nevertheless the non-fullerene acceptor, still being investigated to get the best results.

The charge transport depends on the ability of carriers to move the charge from one
molecule to another and it depends on the energy gap between the highest occupied molecular
orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the

acceptor. Optical measurements provide essential information about the electronic properties,
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presenting evidence of electronic transfer of these materials. In addition, the energy levels of
HOMO and LUMO are important with respect to the electron acceptor, the exciton and transport

layers in organic solar cells, these levels can be determined by cyclic voltammetry.3

The electrochemical band gap is calculated by the difference of HOMO and LUMO energy
levels, allowing the selection of the best candidates for their use in the fabrication of efficient
photovoltaic cells. Conductors must cover the visible and infrared spectrum for better absorption
and light gathering. Most © conjugated systems only cover the visible region of the spectrum;
therefore electron donor fragments can be attached to oligomers and polymers, to act as

electron deficient units, and to reduce the band gap.

It is necessary to ensure efficient exciton diffusion in the donor-acceptor interface, it can be
achieved by a minimal displacement of approximately 0.3-0.4 eV between the LUMO of the
donor and LUMO of the acceptor.?22 The HOMO energy level can be increased by a strong
donor, and by reducing the bandgap, but this can decreases the Voc. Therefore, it is important
to optimize the energy level positions between the donor and acceptor, to enable efficient
charge separation without losing the photovoltage of the solar cell. The operation of a solar cell

is estimated according to the following parameters:3
e The power conversion efficiency (n or PCE)

The power conversion efficiency of a cell is determined by the ratio between the maximum
output power (Pout) and the power of the incident light (Pin). The incident light power is usually

standardized to be equivalent to AM 1.5 solar spectrum.

_ VociJscFF
P;

Equation 1.

Where:

n= power conversion efficiency
Jsc= short-circuit current

Voc= open-circuit voltage

FF= Fill Factor

It must be remarked that the efficiency of a solar cell is a parameter of the device, and not
an intrinsic property of the material. The efficiency of the device depends on the preparation and

processing.
e Short circuit Current (Jsc)

Jsc represents the maximum photocurrent reachable from the solar cell and it depends on

the surface area of the photoactive layer, its thickness and the number of photons absorbed by
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the solar cell, as long as no saturation effects occur. The quantum efficiency for charge
separation and the transport of the charge carriers through the material are important. A broad
absorption spectrum is advantageous, as it is important to harvest a fraction as large as
possible of the photons from the broad spectrum of the sun.

e Open Circuit Voltage (Voc)

Voc represents the maximum measured photovoltage delivered by the solar cell, when the
current is zero. This factor is determined by the difference in the quasi-Fermi levels of the phase
separated donor and acceptor domains.13

Kp

Voc“'E fullerene (L UMO) +E semiconductor p(HOMO) W
e (3522)]

Equation 2.

Where:

ne= electron density
nh= hole density

Nc= density of states

Ks= Boltzman constant

This equation was initially verified by correlating the difference between the HOMO of the
donor and the LUMO of the acceptor in BHJ solar cells fabricated with 26 different donor
polymers.28 This excellent correlation required the addition of an additional 0.3 eV of unknown

origin.

Voc can be increased by the difference in work functions of the anode and cathode.
However, the use of interlayers (electron transport/hole blocking and hole transport/electron
blocking) tends to decouple the open circuit voltage from the difference in the anode and
cathode work functions.?8 This can also be influenced by recombination processes, resulting in a

decrease of the maximum value of Voc.2°
e Fill Factor (FF)

FF describes the quality of the solar cell and determines the photogeneration of charge
carriers and the carrier fraction that reaches the electrodes. The maximum area of the current-
voltage curve determines the fill factor. The FF is the result of competition between the

processes of recombination of charge carriers and transport process (see Figure 17).

The molar absorption coefficient of the molecule must be increased for higher external
quantum efficiencies (EQE) and the HOMO and LUMO energy levels should be adjusted to
increase the Voc and FF.
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Figure 17. Current-voltage (J-V) characteristics of a typical solar cell

1.2 Small Molecule bulk heterojuction solar cells (SMBHJSC)

SMBHJSC are defined as active layer of unstructured, heterogeneous mixtures of donor
and acceptor organic semiconductors with discrete molecular structures (non polymeric).t!
Traditionally, organic photovoltaics used a polymeric material with long chained molecular
systems as P3HT, as electron donors, but currently tends to been studied discrete molecules or
more commonly known as small molecules. Small molecular semiconductors for OPVs have
advantages over polymer cells, including well-defined molecular structure and molecular weight,

high purity without batch to batch variations.

In BHJSC high efficiency has been achieved as result of innovations of small molecular
materials and device fabrication. The highest PCE for solution-processed BHJ architecture
reported has been achieved with BO (Figure 18), this molecule has an acceptor-donor-acceptor
structure with oligothiophene showing a certified PCE of 10%.3° In porphyrins the highest
efficiency in SMBHJSC is obtained by B31 in 8% PCE?3! (see Figure 18).

In order to improve the device performance it is necessary understand the relationships

between chemical structures and optical, electronic and device properties.®
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NC PC71BM 10.08 %

BO

! Y PCe1BM 8.08 %

B31

Figure 18. Molecules with high efficiency solar cells for BHJ

Some basic requirements of specific intrinsic properties for an ideal small molecule are:®

Broad absorption in the visible, red and near infrared regime, having a high molar
extinction coefficient to capture more photons, corresponding with a low optical
bandgap.

Effective migration of excitons D/A interface, by a long exciton diffusion lengths.

High mobility of hole and electron mobility for accelerating charge transport, which
allows a thicker active layer required for increased light harvesting, and reduces charge

recombination and series resistance.

Suitable HOMO/LUMO energy levels to ensure a large Voc and a downhill energy offset

for exciton dissociation.

High crystallinity of the active materials may be beneficial to improve the device
performance. Moderate crystallinity of materials can improve charge carrier mobility, but

high crystallinity will cause large phase separation scale and low PCE of devices.
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Easy sublimation, relatively low molecular weight, and excellent thermal stability are
necessary for vacuum deposited materials; good film-forming property and sufficient solubility

are also necessary for solution processed materials.

A variety of methods can be used to study the nanomorphology of the donor-acceptor blend
being the most significant:* Atomic force microscopy (AFM), grazing-incidence wide-angle X-
ray scattering (GWAX) and by transmission electron microscopy (TEM). AFM provides detailed
and useful information about the nanostructure of the surface of the BHJ film, the GWAX
provides detailed information on the structure and crystallinity, and TEM probes the internal
structure that determines the length scale of the phase separation and the connectivity of the

phase separated networks.

It should be remarked that the morphology and the scale of the phase separation in BHJ film
is not only related to the nature of materials, but can also be optimized by carefully controlling

the device fabrication conditions.
The following parameters influence on the nanoscale morphology of the BHJ blends:
e Donor and fullerene ratio in the BHJ film.
e Solvent used in the BHJ composite.

e Chemical additives to improve solubility and FF. Additives can reduce the domain size
in BHJ layer allowing cell efficiency in the device. A significant increase of the efficiency
has been achieved by using 1,8-diioctane (DIO), with a PCE record of 6.7% (without
DIO 4.52%).32

e Thermal or solvent annealing to control the phase: enabling the crystallization and
diffusion of one or both components in the blend leading to mixing and coarsening of
the phase separation. Annealing at high temperatures improves the crystallinity within
the phase separated donor and acceptor networks, facilitates charge transport to the
electrodes and increases the power conversion efficiency. This remarkable thermal
stability of the nano-scale interpenetrating donor-acceptor networks suggests that long

lifetimes might be possible with BHJ solar cells.

e Molecular structure of the materials: the conducting molecules and fullerene structures
determine their solubility and miscibility in organic solvents in solution. The solvent
influences the drying time during film formation. For solution processing, the use of long
alkyl or alkoxy side chains has been a common approach. The side chain nature affects
the solubility, the configuration and intermolecular interaction of the molecules, and
affects the absorption, energy levels and charge transport properties. The side chain
affects morphology of blend films. For instance, increasing the content of alkyl side

chains, relative to the conjugated main chain in the molecule, may result in deterioration
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in charge transport. It is of crucial importance for the fine-tuning of the structures and
properties relationship, that the molecules be balanced in suitable solubilizing groups at

an appropriate location.

e The absorption characteristics: energy levels and charge carrier mobility can be
controlled by the careful design of the molecule with the desired optoelectronic
properties. It has also been observed that the small molecules tend to have a higher
Voc, while Jsc and FF tend to be lower compared to the polymers values, so enhancing
and extending the absorption of active materials to match solar radiation is one of the

main ways to improve Jsc and efficiencies of OPV devices.

For energy conversion efficiencies exceeding 10%, the donor must have a bandgap lower
than 1.74 eV and a LUMO level lower than -3.92 eV, maintaining the FF and the average EQE
at least equal to 0.65. The Voc of devices have a direct relationship to the difference between
the HOMO level of the donor and the LUMO level of the acceptor. A lower HOMO of a donor
and a higher LUMO of an acceptor would help achieve a higher Voc. The charge-carrier mobility
of electrons and holes in the donor acceptor blend must be high enough to allow efficient

charge extraction and FF of 0.65.28

To prevent losses in the photocurrent in the absence of second order recombination is an
important parameter, carrier mobilities of ~10-2 cm?2V-1s-1 for devices with an active layer
thickness of several hundred nanometers. The highest energy conversion efficiencies derived
above are in the range of 10% for single-bulk-heterojunction solar cell. To go beyond 10%
efficiency, it is necessary to increase the external quantum efficiency of the device by improving

light management and/or improving FF through the optimization of the electrical design.28
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1.3 Porphyrins for Bulk Heterojunction Solar Cells, brief review

Improvements have been made in the molecular design of porphyrins as small molecules
for BHJSC and the devices have been optimized to enhance the power conversion efficiency,
therefore these cells have developed high Jsc and high Voc. Figure 19, Figure 20 and Table 1
shows all the porphyrin based SMBHJSC described up to July 2015.

R-Q O-R
R : o ::

o o Q O O O,

R-O w ° OR )
B1R=CaHso (]
B2 R=Ca¢Hs4 S

B11 R=H B13 R=H
B12 R=OH B14 R=NMe:
B15 R=NO2

Ph

Ph

B16

B18

CeHis

Figure 19. Porphyrins as small molecules for BHISC (l)
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B22 M=Zn

TIPS

B30

Figure 20. Porphyrins as small molecules for BHISC (ll)
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Table 1. Photovoltaic parameters for devices comprising porphyrins as small molecules in BHISC

2 g < = ) % 8 N 8
3 = =) o = o =7 Q= 0~ 1S m S
g g s = S °53s gE ST 42 &b 6T 3

(@) T %) = ~ ©
=z & < EE F = i
Bl PCeBMC 1:1 CB e e 230-250 - 3.99 - 0.71 33
B2 PCs:BM° 11 CB  seeen e 230-250 -- 5.02 -- 0.78 &
B3 PCsBM 1:2 CB e e 60-70 0.83 2.70 0.37 0.83 34
B4 PCaBM 1.2 CB  seeen e 60-70 0.76 2.03 0.34 0.53 34
B5 PCsBM 1:2 CB e e 60-70 0.94 2.91 0.44 1.20 34
B6 PCaBM 1:2 CB e e 60-70 0.80 2.89 0.38 0.87 34
B7 PCesBM 1.9 ODCB  -—-=mm e 65 0.41 1.55 0.38 0.24 35
B8 PCaBM 1:3.5 DCB  THF e e 0.68 214 - 0.45 36
B9 PCesBM 1:3.5 DCB  THF = e e 0.66 195 - 0.36 36
B10 | PCsBM  1:35 DCB  THF  cee e 065 185 - 032
B11 PCsBM 1:3.5 DCB  THF e e 0.56 5.28 0.32 1.00 36
B12 | PCeBM  1:35 DCB THF e e 062 413 030 076 %
B13 PCeBM¢ 1.4 CB 2.3*10° 0.92 6.4 0.41 2.5 87
B14 PCs:BM¢ 1:4 CB 3.7*10° 0.55 3.3 0.31 0.57 7
B15 PCeBM¢ 1.4 THF/TOL 0.97 1.6 0.16 0.25 87

(1:1)
B16 PCsBM 1:10 CB - 150 0.6 2.25 0.32 0.5 38
B17 PC.1BM 1:3 CB/DCB 1% Py 0.85 9.46 0.50 4.02 39
B18 PC..BM 1:3 CB/DCB 1% Py 0.88 2.81 0.28 0.71 39
B19 PCsBM 1:1 CB/DCB 3% Py 1.6*10* 0.80 11.88 0.50 4.78 40
B20 PCs:BM® 1.5 CB 8.4*10° 40 0.90 4.6 0.39 1.6 a1
B21 PCBM® 1:1 THF - --- 90-95 0.86 8.44 0.56 4.06 42
B22 PCeaBM 1.6 cB - - 70 0.6 2.06 0.31 0.4 43
B23 PC..BM 1.2 CB 0.25Eq - 0.84 8.34 0.40 2.81 a4
Bipy
B24 PCs:BM¢ 1:3 CB e 0.83 4.5 0.39 1.5 45
B25 PCsBM 1:1.2 CB 4% DIO 4.68*10* 0.71 16.00 0.64 7.23 46
(6.83)
B26 PC.,.BM 1:1 THF 56CN - 0.92 8.06 0.53 3.93 47
B27 PC.,.BM 1:1 THF 4% Py 8.34*10° - 0.88 10.64 0.56 5.24 48
B30 PC..BM 11 THF Py 4% 8.45*10° 90 0.76 11.67 0.62 5.50 49
B31 PCsBM 1:1.2 CB Py 125 0.78 16.76 0.61 8.08 50
(8.04)

aActive layer; PBest efficiencies (averages indicated in parenthesis); “Thermally annealed; YHeated at 65°C

for 10 min; ¢Inverted device structure.

Figure 21 shows the tendency per year of the best efficiencies of devices comprising

porphyrins as small molecules in BHISC.
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Figure 21. PCE (%) of devices comprising porphyrins as small molecule in BHISC per year

1.3.1 Improvement of SMBHJSC based on Porphyrins

Novel designs of porphyrin systems as small molecule in BHIJSC, can be improved to obtain
best efficiencies in the devices, but a good design in the molecule is not enough to obtain best
results. The devices can be improved by the morphology of the donor-acceptor active layer,
where they should contain domains of mixtures of donor-acceptor, with larger interfacial layers
to dissociate photo-generated exactions and keep a network to transport charge carriers to the
electrodes.552 The morphology of the active layer and the light absorption can be improved by
optimization of concentration, ratios of donor:acceptor, thickness layer, thermal annealing,®35

solvent additives,>>°¢57 and solvent mixtures.5859.60
1.3.1.1 Molecular engineering of the porphyrin structures

Different molecules based on porphyrin skeleton have been studied as small molecules (p-
type semiconductor) for BHIJSC. The ethynyl group has been studied as connector coplanar
group,5! extending the m conjugation of the system, allowing best absorption efficiency and
improving the crystallinity of the active layer blend, promoting the exciton generation and

improving the photocurrent for the solar cell.

By incorporating acceptor units, a push-pull effect is achieved, diminishing the LUMO and
consequently the band gap. As a result, the light absorption is extended to the red, which

increases the current.

Analysis of the efficiency of B8-12, shows how to design a planar system can improves the
efficiency, the first three molecules have a phenyl linker and different units of thiophene
moieties. The devices prepared with B8-10 show a Jsc of 2.14, 1.95 and 1.85 mA/cm?
respectively and PCE of 0.45%, 0.36% and 0.32%, decreasing with the number of thiophene
moieties and the distortion of phenyl linkers with respect to the porphyrin core interference with
the extension of the conjugation. In the other hand, molecules B11-12 have ethynil linkers at 5,

15 positions, these linkers extend the = conjugation of the system and enhance the optical
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absorption efficiency. Other characteristic of these linkers is that as consequence of the higher
planarity, the film crystallinity, the exciton generation efficiency and the photocurrent for the
solar cells are improved. The molecules B11-12 show PCE of 1% and 0.76% respectively. The
decrease of PCE value in B12 is due to the presence of the alkyl chains molecule, decreasing
the crystallinity of films and inducing more disordered states in the active layer, having a

negative effect on the carrier mobility.6

The molecules B13-15 show high solubility and strong intermolecular interaction, these
molecules have aliphatic and aromatic groups connected to the porphyrin core via ethynyl
linkers in order to expand the n conjugated systems and obtain a planar structure. B15 has a
poor PCE efficiency of 0.25%, due to the rough surface morphology of the active layer,
observed in AFM images, the lower solubility is due to the strong intermolecular =-r interaction
between porphyrin and nitro substituted phenyl group moieties, nevertheless B13 has the best
PCE with 2.5%, this molecule has a good balance of hole and electron mobility and favorable

film morphology, hole mobility 2.3*10-5 cm-2V-1s'1 and electron mobility 9.1*104 cm-2V-1s-1,37

The molecules B17-18 with ethynylene links between 2,1,3-benzothiadiazole and porphyrin,
also allow the delocalization of = electrons through the molecule. B18 have a moderate hole
mobility of 7.4*10® cm?V-1s? higher than B17 with 2.5*10 -° cm?V-!s1, B18 has a PCE of 4.02%

in comparison to B17 the molecule is more planar and the ethyl bridge improve the efficiency.3°
1.3.1.2 Thickness of the active layer in porphyrins based SMBHJSC

The thickness of the active layer must be controlled and optimized, as a thicker layer
increases the charge recombination and a thinner layer decreases the photo absorption. 2 The
thickness depends in the solvent, the speed, time and acceleration of the spin coated active
layer. The thickness of the devices using porphyrin with good efficiency is between 90 and 125
nm (Table 1).

The influence of the thickness onto the efficiency for 5,10,15,20-tetraphenyl-21H,23H-
porphine zinc B7, was studied from 50 to 93 nm,3 obtaining at 68 nm the best value of
efficiency (0.24%), and IPCE maximum (19.2%) at 445 nm. Nevertheless, the low efficiency of

the dispositive was attributed to the low hole mobility of ~10-10 cm?2V-1s-1,63,64.65
1.3.1.3 Porphyrin:PCBM ratio

The donor: acceptor ratio has a strong influence in the photovoltaic performance. In general
when the amount of the acceptor material is too low in the active layer the electron transporting
ability decreases and a higher amount of acceptor, decrease the absorbance and the hole

transport ability.
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1.3.1.4 Thermal annealing in porphyrins as small molecules for BHISC

Thermal annealing in materials science, is a heat treatment that alters the physical and
sometimes chemical properties of a material. It involves heating a material beyond its
recrystallization temperature, maintaining a suitable temperature, and then cooling.
Under annealing, atoms migrate in the crystal lattice and the number of dislocations decreases,
leading to the change in morphology of the material. In bulk heterojunction solar cells thermal
annealing enhance the light absorption properties, the charge transport to the electrodes and

decrease the resistance allowing higher Jsc, FF and PCE.1°

Thermal annealing in the devices comprising PCe1:BM as acceptor and as donor the liquid
crystalline porphyrins B1-2 improve the PCE, show a Jsc of 1.34 mA/cm? and 1.14 mA/cm?
respectively and after the treatment increase to 3.99 mA/cm?2 and 5.02 mA/cm?, leading in a
higher PCE of 0.71% and 0.78%.33.56 Before the annealing the data indicated similar phase
sequence in both porphyrins, of isotropic, hexagonal LC phase, ordered hexagonal LC phase
and crystallinity. Presumably the thermal annealing induced the homeotropic alignment, in this
state a rod-like liquid crystalline molecule aligns perpendicularly to the substrate, providing an
efficient hole conduction along the columnar axis, and optimize the light harvesting.

1.3.1.5 Additives in the devices

The addition of chemical additives in the active layer can reduce the domain size, allowing a
better efficiency in the device.’” Moderate crystallinity of materials can improve charge carrier
mobility, but high crystallinity will cause large phase separation scale and low PCE of devices.
Pyridine has been successfully used as additive in porphyrin based BHJSC. The lone electron
pair on the nitrogen atom of pyridine could coordinate with the Zn atom in the porphyrin core,
therefore this additive improve the efficiency, disrupting the intramolecular = stacking by

coordination to Zn, improving at the same time the Jsc and consequently, the efficiency.

Porphyrin B19 having diketopyrrolopyrrole as acceptor unit, exhibit broad intense absorption
in the visible and near to the IR region, after the addition of 3% of pyridine the dispositive with
PCes1BM has a PCE of 4.78%.%° Likewise the maximum external quantum efficiency (EQE) of
the device processed with pyridine presented an increment, from 34% to 43% at 570 nm, in
comparison with the devices without pyridine. The AFM imaging indicates smaller domains for
the film with pyridine, improving the morphology of the active layer, for efficient exciton
dissociation and charge transport. The phase topography of the pristine film exhibit microscale
phase separation and the root-mean-square roughness value is 2.45 nm, and the films with
pyridine shows smaller phase separation domains, and the roughness value is 1.68 nm, the
surface is smoother and has more grains, suggesting better morphological features for efficient

exciton dissociation and charge transporting, suggesting an increase of Jsc.
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The conjugated acceptor-donor-acceptor with zinc porphyrin core and dicyanovinyl
substituted thiophene B27 was designed,*® highest values of IPCE were obtained for the device
processed with pyridine, in comparison with the device without pyridine, leading in an increase
of the values of Jsc and FF, therefore devices with PC71BM, exhibit a PCE of 3.65%, after the
addition of 4% of pyridine the device exhibit a PCE of 5.24%.The film of THF shows a smooth
surface with a root mean square roughness of 3.45 nm, and domain size of 40-50 nm, and with
pyridine the domain size reduce to 15-20 nm and the roughness to 1.45 nm. This reduced
domain size allows increasing the donor-acceptor interfacial area for exciton dissociation to
charge transfer efficiency and charge collection efficiency, resulting in enhanced Jsc and best
PCE.

The active layer of PC71.BM and the porphyrin B30, A-n-D-n-A, (with ethyl rhodanine as
electron withdrawing and linked octyl thiophene-ethynylene bridge), was improved by THF,
pyridine and thermal annealing, increasing the PCE from 2.95% to 5.50%.4° The symmetrical
structure expected to enhance n-n stacking interactions which could be beneficial for high
mobility. In the same way, the highest value of IPCE was obtained for the device processed with

pyridine, in comparison with the device without pyridine.

The actual record porphyrin in SMBHJSC, meets the parameters of a plannar design with a
porphyrin ring linked to two diketopyrrolopyrrole units by ethynylene bridges B31. The devices
fabricated without solvent additive and without thermal annealing had a PCE of 5.89%, Jsc of
12.72 mA/cm2and FF of 55.76%. In the presence of 1% pyridine and thermal annealing at 120
°C, for 10 minutes, show a PCE of 8.08%, Jsc of 16.76 mA/cm? and FF of 61.8%. Moreover,
adding pyridine to the device improved the EQE from 45% to 65%. The GIXD and the
absorption shows that pyridine additive enhance the crystallinity. The n-n stacking direction
transformed from a J-type to a less H-type aggregation. The large aromatic surface offers a
higher contact area and more relative positions of stacked porphyrins that could performance as
channels for carrier transport. The TEM showed the blend with additive, with a finer phase
separation with an approximate size of 30 nm in comparison with the 100 nm of the blend
without additive and thermal annealing. The sharp reduction in length scale led to a 35%
increase of the current.5° The energy loss (Eioss) is the difference between the band gap and the
open circuit voltage (Voc), the minimum 0.6 eV, is suggested to enhance the energy efficiency
by which photons are converted into collectable charges, the molecule B31 shows a 0.59 Eioss

value.

Porphyrin  B25, porphyrin-5,15-bis(2,5-bis-(2-ethyl-hexyl)-3,6-di-thyenyl-2-yl-2,5-dihydro-
pyrrolo-[3,4-c]pyrrole-1,4-dione-5'-yl-ethynyl)-10,20-bis-(4-octyloxy phenyl)-porphyrin zinc was
designed with 4-octyloxy-phenyl groups used in place of the 3,5-di(dodecyloxy)-phenyl groups
of B19 to diminish the long chains and therefore suppressed the intermolecular n-n stacking.
The device shows a PCE up to 5.83%, Voc of 0.74 V, Jsc of 14.7 mA/cm?, FF of 0.53. 1,8-

diiodooctane (DIO) was employed, as additive and the performance was enhanced with values
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of PCE up to 7.23%, Voc of 0.71 V, Jsc of 16 mA/cm? and FF of 0.64. Besides, by adding DIO
the EQE increased up to 5%. The morphologies of the blends by AFM shows phase images
with no apparent crystalline domains. The root-mean-square (RMS) roughness of blends
without additive is 0.857 nm and with DIO 0.345 nm, the lower roughness shows better
miscibility between the donor and the acceptor in the active layer, and may form a finer
interpenetrating network to facilitate exciton separation and charge transfer. TEM images

confirm that blend films with DIO, are more continuous interpenetrating network.

The only example of chloronophtalene as additive for porphyrin based SM BHJSC is the
B26,47 this porphyrin has two zinc-metalated porphyrin units and one free base porphyrin unit
covalently linked by amino phenyl groups to a central s-triazine unit. The addition of 5%
chloronaphtalene in the THF solution of the processed BHJSC, improve the efficiency from
2.85% to 3.93%, due to the enhancement of the short circuit current Jsc of the solar cell from
6.45 mA/cm-! to 8.06 mA/cm-L. Besides, the device processed with chloronophtalene as additive
showed broader IPCE, than the device processed only with THF. This improvement is
responsible of a highest Jsc. The device shows a stronger incident photon current efficiency,
and a higher degree of crystallinity of the active layer of the latter solar cell, resulting in faster

charge transfer process and more efficient exciton dissociation.
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1.4 General objective

The main objective of this work is the design, synthesis and characterization of new families
of discrete porphyrins (small molecules) with the configuration A-n-D-n-A, to analyze their
performance in Bulk Heterojunction Solar Cells (BHJSCs), and the effect in the performance
devices, changing the porphyrin core, the acceptor and the n conjugation linker of the

structures.

A) Study the effect of change the linked moiety to the porphyrin core at meso position (D)

for a mesityl, 2,6-bishexyloxybenzene or hexylthiophene:

CeHis
S
CeH130 OCgH13 C
Mesityl 2,6-bishexyloxybenzene 3-hexylthiophene

B) Study the effect of change the B bridge between porphyrin core and the acceptor for
3,4-dihexylthiophene, (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene) or 4,4-dihexyl-4H-
cyclopenta[2,1-b:3,4-b'Jdithiophene.

CsHyy
o y csHq
eH13
CeHi3 E S |
) s
N S

3,4-dihexylthiophene (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene) 4.,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b']dithiophene

C) Study the effect of change A acceptor for 3-ethylrhodanine or dicyanovinylene group.
fwo \
S
WNW XCN
S

NC

3 ethylrhodanine dicyanovinylene
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1.4.1 Specific objectives

l. Design, synthesis and characterization of SA1-2 to analyze the difference between
two 7 conjugation linkers (3,4-dihexylthiophene and (E)-1,2-bis(3,4-dihexylthiophen-
2-yl)ethylene), and their performance in BHJSC, with dicyanovinylene as electro

withdrawing moiety.

SA2

Figure 22. Molecules SA1-2

Il. Design, synthesis and characterization of SA3-4 to analyze 3-ethylrhodanine as
electro withdrawing moiety with 3,4-dihexylthiophene and (E)-1,2-bis(3,4-
dihexylthiophen-2-yl)ethylene as n conjugation linkers, to comparing the difference

with SA1-2 in the performance of BHJSC.

SA3 SA4

Figure 23. Molecules SA3-4

Il Design, synthesis and characterization of SA5-6 to analyze the difference between
dicyanovinylene and 3-ethylrhodanine as electro withdrawing, using 4,4-dihexyl-4H-
cyclopental2,1-b:3,4-b"ldithiophene as bridge in the performance of BHISC.

Figure 24. Molecules SA5-6
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V. Design, synthesis and characterization of bulky porphyrins to study the performance
of BHJSC. SA7-10 to analyze the influence of (E)-1,2-bis(3,4-dihexylthiophen-2-
yhethylene and 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-bldithiophene as conjugated
linkers, with different acceptors, 3-ethylrhodanine and dicyanovinylene, in the

performance of BHJSC.

SA10

Figure 25. Molecules SA7-10

V. Design, synthesis and characterization of SA11-12 to analyze a planar core with
hexylthiophene moiety, and the difference between 3,4-dihexylthiophene and (E)-
1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as = conjugation linkers and 3-ethyl

rhodanine as acceptor in the performance of BHJSC.

CeHis

Figure 26. Molecules SA11-12

38



PORPHYRINS FOR BULK HETEROJUNCTION SOLAR CELLS (BHJSC)

1.5 SAl and SA2
1.5.1 Synthesis and characterization of SA1 and SA2

A maodification of Roncali and Col%8 procedure was employed to synthesize, 3,4-dihexyl-5-
iodothiophene-2-carbaldehyde (Cl1l) and (E)-5-(2-(3,4-dihexyl-5-iodothiophen-2-yl)vinyl)-3,4-
dihexylthiophene-2-carbaldehyde (C2), starting from 3,4-dihexylthiophene (1TV) (see Scheme
1).

Cera CeH1z Colia CeHiz " CeHis
1
7 . a 2 | /7
_0 0
S POCI; S ccl, S
DMF Ph(O,CCF
1TV 1TVCHO (02CCF3)2 c1
CeH CgH CeH
SN Cothis B\ Cotia Ps;': Cefrs CeH1a CCly o E\"® CeHys
o — (] s —= ] PROLCR) N T
s Tol, 8Ty §TNANS Iy s i |
Zn, Py / \ // \O //
CeH CeH
613 CoHis CgH13 CeHrs 613 CeHia
ATVCHN 2TV 2TVCHO c2

Scheme 1. Synthesis of C1 and C2

3,4-Dihexylthiophene-2-carbaldehyde (1TVCHO) was obtained in 98% vyield, starting from
3,4-dihexylthiophene (1TV) in the presence of N,N-Dimethylformamide (DMF) and phosphoryl
chloride (POCIs), the mixture was refluxed one night, according to the Vilsmeier formylation
conditions. Then, following the McMurry  coupling procedure, 3,4-dihexylthiophene-2-
carbaldehyde (1TVCHO), in anhydrous tetrahydrofuran (THF) and pyridine, reacted with Ti (0),
formed from the reduction of titanium tetrachloride (TiCls) with zinc (Zn). The dimer (E)-1,2-
bis(3,4-dihexylthiophen-2-yl)ethylene (2TV) was obtained in 88% yield. Then the Vilsmeier
formylation (DMF and POCIs) of the dimer allowed obtaining the monoformylation product
2TVCHO, in 70% vyield (controlling the reaction conditions to reduce the formation of
bisaldehyde). In some cases (E)-5-(2-(3,4-dihexylthiophen-2-yl)vinyl)-3,4-dihexylthiophene-2-
carbaldehyde (2TVCHO) is observed as isomers Z and E mixture, treated by molecular iodine

and toluene refluxed 3 days to transform Z isomer in E. 70

lodoaldehydes C1 and C2 were prepared by the reaction of the aldehydes 1TVCHO and
2TVCHO with molecular iodine (I2), and bistrifluoroacetoxiiodobenzene (PhI(OCOCFs3)2) in 84%
and 62% yield.”* TH-NMR spectrum of C1 shows the corresponding signal of the aldehyde at
9.90 ppm, (view experimental part Figure 138). The IR spectrum of C1 shows the characteristic
carbonyl band (C=0) at 1654 cm-*, and shows the characteristics bands of the hexyl groups of
nTV’'s at 2923 and 2854 cm and the corresponding C-I band at 674 cm (view experimental
part Figure 139). In the H-NMR spectrum of C2, the signal at 6.85 ppm is observed,
corresponding to the proton linked to the thiophene ring (see experimental part Figure 140). In

the Infrared spectrum of C2 the characteristic carbonyl band at 1654 cm, and the
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corresponding bands of the hexyl groups of nTV's at 2923 and 2854 cm and appears the

characteristic C-l1 band at 698 cm-! (see the experimental part Figure 141).

Molecule [5,15-bis-(trimethylsilyl)ethynyl)-10,20-dimesitylporphyrinato]zinc (II) (P1) was

synthesized following the procedure of Scheme 2.

/@ MeOH
CHO CHCl
@ ICly 7 — 2
5
N\ NH ncon \_NH HN CHCl4 Zn(0Ac);H,0
DDQ

BF30C4H1o

NBS
CHCly
Py

BrBr

Scheme 2. Synthesis of P1

The synthesis to the porphyrin A2B2, 5,15-bis-(2,4,6-trimethylphenyl)porphyrin was initiated
by the preparation of the dipyrromethane by reaction of pyrrole and paraformaldehyde,

catalyzed by indium trichloride (InClz), in 72% yield.”?

At room temperature in Ar atmosphere, 2,4,6-trimethylbenzaldehyde was added to a
solution of dypirromethane and chloroform (stabilized with ethanol), before boron trifluoride
diethyl etherate BFsO(C:2Hs) » was added to produce the porphyrinogen, then this is oxidized
with  2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ); next, trimethylamine is added to
neutralize traces of nucleophilic acid. The free base porphyrin was purified through a column
chromatography (silica gel and hexane:CHCIs, (1:1)). 5,15-bis-(2,4,6-trimethylphenyl)porphyrin
is obtained in 35% yield.”® The H-NMR spectrum of 5,15-bis-(2,4,6-trimethylphenyl)porphyrin
shows the signals at -3.04 ppm, corresponding to two protons linked with the nitrogen rings of
the free base; signals at 10.25 ppm corresponding to the two protons at the meso position of the
porphyrin ring, and signals at 9.35 and 8.91 ppm corresponding to the protons at the beta

position of the heterocycle ring (see in the experimental part the Figure 142).

Then, the porphyrin is treated at room temperature in CHCIs with zinc acetate dehydrated
((ZnOAc)2 x2H20). The metal carrier dissociates producing an unsaturated species, combined

with the dianion produced by the deprotonation of the free base of the porphyrin. [5,15-
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Dimesitylporphyrinato] zinc (Il) is obtained in guantitative yield.”* The H-NMR spectrum of
[5,15-dimesitylporphyrinato] zinc does not show the signals in -3.04 ppm, corresponding to two
protons linked with the nitrogen rings of the free base (see in the experimental part the Figure
143).

[5,15-dibromo-10,20-dimesitylporphyrinato] zinc (ll) is obtained in 98% vyield, by the
treatment of the porphyrin with N-bromosuccinimide (NBS) in presence of catalytic quantities of
pyridine. The *H-NMR spectrum of (5,15-dibromo-10,20-dimesitylporphyrinato) zinc (II) confirm
the bromination, as it does not show the signals at 10.27 ppm corresponding to the protons
linked to the carbons at meso position of the porphyrin ring (see in the experimental part Figure
144).

The [5,15-bis-(trimethylsilyl)ethynyl)-10,20-dimesitylporphyrinato]  zinc (ll) (P1) was
synthesized by Sonogashira (cross-coupling reaction) 7> with trimethylsylilacetylene,
using bis(triphenylphosphine)palladium(ll) chloride (Pd(PPhs)2Cl2), and cupper iodine (Cul) as
catalyzes, to form a carbon-carbon bond between the terminal alkyne of the
trimethylsylilacetylene and the porphyrin, it requires absolute inert atmosphere conditions and
was reacted overnight at room temperature to obtain P1 in 97% yield.”® The *H-NMR spectrum
of P1 shows the presence of the signal at 0.62 ppm, these protons represent the two
trimethylsylil groups incorporated to the molecule (see experimental part Figure 145). The
infrared spectrum of P1 shows the characteristic band of the triple bond C-C at 2136 cm™. The
1I3C-NMR spectrum of P1 shows a signal at 0.34 ppm corresponding to the carbons of the
trimethylsylil groups linked to the molecule and shows at 100.63 and 101.50 ppm corresponding

to the two quaternaries carbons of the triple bond (see experimental part Figure 146).

Scheme 3 illustrates the synthetic route used to obtain organic semiconducting compounds
SA1-2, starting from P1. The trimethylsilyl group was quantitatively removed by hydrolysis with
TBAF, then water was added to quench the reaction and a liquid-liquid extraction with CHCls
was realized. The solvent was evaporated affording the product without further purification. The
product and the iodoaldehyde C1 and C2 were reacted under Sonogashira coupling with
Pd(PPhs)2Cl2 and Cul, nevertheless the yield was under 20%, and another method was tried. In
this new methodology, the product reacted under Ar atmosphere with the corresponding
iodoaldehyde C1 and C2 under Pd-catalyzed copper-free Sonogashira coupling”” conditions,
employing the air stable dative ligand triphenylarsine, which, in spite of its toxicity, has allowed
the copper-free Sonogashira coupling combined with tris(dibenzylideneacetone) dipalladium(0),
(Pdz(dba)s), to afford the bisaldehydes A1-2 in 81% and 71% yields, respectively.
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Scheme 3. Synthetic route to chromophores SA1-2

The 'H-NMR spectra of A1-2 show the expected signals corresponding to the aldehyde
protons at 9.16 ppm and 9.56 ppm, respectively. Compound A2, show the trans configuration of
the double bond, which was confirmed by a coupling constant of 15.5 Hz (see experimental
part, Figure 147 and Figure 148). 133C-NMR spectra of A1-2 does not show the signals at 0.34
ppm corresponding to the two trimethylsilyl groups, substituted by the fragments of nTV, and
show the signal at 181.24 and 181.73 ppm respectively of the carbon of the aldehyde and at
89.54 and 90.67 ppm respectively, corresponding to the triple bond carbon linked to the
porphyrin and the nTV, the aliphatic signals appear between 32.33 and 14.02 ppm to Al, and
32.25 and 14.02 ppm to A2 (see experimental part, Figure 27, Figure 149 and Figure 150).
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Figure 27. *H-NMR spectra (400 MHz, CDCls) of A1 (right) A2 (left)

The infrared spectrum of A1 show the band at 1650 cm-, corresponding to the carbonyl
group and the band C-H at 2919 and 2854 cm™ corresponding to the alkyl chains of the
oligomers nTV's. The band at 2173 cm! is assigned to the triple bond (see experimental part
Figure 155). The infrared spectrum of A2 show the 1650 cm band corresponding to the
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carbonyl group of the aldehyde and the bands C-H at 2919 y 2854 cm-! corresponding to the
alkyl chain of the nTV's (see experimental part Figure 155).

Finally, the target compounds SA1 and SA2 were obtained by Knoevenagel condensation’®
of A1 and A2 with malononitrile, in the presence of trimethylamine, in 81% and 79% yields,
respectively. In the IH-NMR spectra of SA1 and SA2, the aldehyde proton signals are not
observed and new vinylic protons signals were observed at 7.89 ppm and 7.69 ppm,

respectively, indicating the successful condensation (Figure 27, Figure 151, Figure 152).

T T r - L I A N L D L A A Rt R HAA MRS A RAAR AR
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10  ppm 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppn

Figure 28.*H-NMR spectra (400 MHz, CDCls) of SA1 (left) and SA2 (right)

1I3C-NMR spectra of SA1-SA2 not show the signal at 181.24 and 181.73 ppm respectively
corresponding to the precursor aldehydes, and new signals at 115.07, 113.87 and 75.19 ppm of
SAl, and 115.59, 114.17 and 73.14 ppm of SA2, corresponding to the dicyanovinylene
moieties, are observed (Figure 29, Figure 153, Figure 154).
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Figure 29. 70-160 ppm 3C-NMR spectra (100 MHz, CDCIls) of SA1 (left) and SA2 (right)
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The infrared spectrum of SA1 does not show the band at 1650 cm! corresponding to the
precursor carbonyl of the aldehyde and a new signal is observed at 2223 cm-!, corresponding
to the dicyanovinyl group (Figure 30).

2921

222371
2156

1560

3500 3000 2500 2000 1500 1000
Wavenumber / cm”

Figure 30. FT-IR spectrum of compound SA1l

The infrared spectrum of SA2 does not show the band at 1650 cm-! corresponding to the

precursor aldehyde and shows a new band at 2217 cm- assigned to the triple bond (Figure 31).
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Figure 31. FT-IR spectrum of compound SA2

The mass spectrometry is currently the most suitable ionization technique for determining
the molecular weight of compounds. The mass spectrum of compound SA1l shows the
molecular ion peak at m/z 1308.56 amu, (experimental part, Figure 156) and compound SA2
exhibited the molecular ion peak at m/z 1861.94 amu (see experimental part, Figure 157), both

values were according to the predicted exact mass.
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The thermal stabilities of compounds SA1 and SA2 were evaluated by thermogravimetric
analysis (TGA) under nitrogen with a heating rate of 10 °C/min. Compounds SA1-SA2 display
excellent thermal stabilities up to 300 °C with decomposition temperature (Td) of 369 °C and
374 °C for SAL1 and SA2, respectively (Figure 32). SA1-2 have thermal stabilities appropriate for
photovoltaic applications.

110 4 1104
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Figure 32. Thermogravimetric analysis of SA1 (left) and SA2 (right)

1.5.2 Optical Properties of SA1 and SA2

The UV-Vis absorption spectra of the precursor aldehydes (A1-A2) and those of the final
compounds SA1-2 in dichloromethane solution exhibit a panchromatic absorption in the visible
region. These spectra show the Soret band (Amax = 465 nm and 499 nm respectively)
bathochromically shifted, with respect to the Soret band in the precursor porphyrin P1 (Amax =
435 nm). New intense broad bands are observed (at Amax = 668 nm for A1 and 698 nm for A2),
assigned to intramolecular charge transfer (ICT) (Figure 33 and Figure 34). In solution, SA1-2
show absorption ranges from 400 nm to 750 nm with a valley centered at 600 nm. The
introduction of the dicyanovinyl fragments (SA1-SA2) lead to a bathochromic shift of both bands
(Amax = 497 (¢=5.26) and 705 (log ¢ = 5.04) for SA1 and 542 (log € = 5.17) and 705 nm (£=5.24)
for SA2) with respect to the corresponding aldehydes (Al1-A2) as a consequence of the
extension of the conjugation and due to the strong electron-withdrawing properties of the
dicyanomethylene moiety SA2 shows a higher © conjugation and a wider absorbance as result

of increase thienylenevinylene length (Figure 35).
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Figure 33. Normalized UV-Vis absorption spectra of SA1 (solid line) and precursors P1 (dashed
line) and Al (dotted line) in dichloromethane solution (10-% M)
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Figure 34. Normalized UV-Vis absorption spectra of SA2 (solid line) and precursors P1 (dashed
line) and A2 (dotted line) in dichloromethane solution (10-% M)
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Figure 35. Absorption spectra of SA1 (dashed line) and SA2 (solid line) in dichloromethane
solution (10 M)
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Exciting SAL at dexc = 497 nm and SA2 at Aexc = 542 nm in dichloromethane as solvent, the
fluorescence spectra display a red-shift around 30.2 nm of the emission band for compound
SA2 in comparison to SA1, due to the increased conjugation by one more thienylenevinylene
unit. If the emission spectra of compounds SA1 and SA2 are compared with those of the
precursor aldehydes Al1-A2, a significant quenching of the emission is observed, attributed to
more efficient electron transfer processes (see experimental part, Figure 158).

In thin film, the absorption maximum for SA1 is bathocromically shifted relative to those in
solution, by 13 nm. SA2 shows a pronounced absorbance between of 400-850 nm, with a red-
shifted maximum of 33 nm (764 nm). These results suggest that the extended backbone in SA2

results in stronger intermolecular n-© stacking interactions than in SA1 (Figure 36).
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Figure 36. Normalized UV-Vis spectra of SA1 (a) and SA2 (b) in CH2CI2 solution (black line)

and in thin films (red line)

The optical properties of SA1-2 in CH2Cl. solutions as well as of their thin-films are shown in
Figure 36 and the characteristics of semiconductors SA1-2 are collected in Table 2.

Table 2. UV-Vis Absorption, Fluorescence Emission2 and OSWVP® data for compounds SA1-2.

Amax soln Log Amax film Jem Elob © Elred Enomod ELumo® EJf
(nm) (e) (nm) (nm) V) ) (eV) (eV) (eV)
SAl 497 5.26 516 717 0.40 -1.34 -5.50 -3.76 1.74
705 5.04
SA2 542 5.17 734 747 0.26 -1.44 -5.36 -3.66 1.70
731 5.24

210° M, in dichloromethane; ® 10 M in ODCB-acetonitrile (4:1) versus Fc/Fc* (Eox = 0.04 V) glassy
carbon, Pt counter electrode, 20 °C, 0.1 M BusNCIO4, scan rate = 100 mV s; ¢Nonreversible processes; ¢

calculated with respect to ferrocene, Erowmo: —5.1 eV;*° ¢ estimated from Ered; ' Eg= EHomo — ELuwmo.
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1.5.3 Electrochemical Properties

The electrochemical properties of SA1 and SA2 were investigated using Cyclic Voltammetry
(CV) and Osteryoung Square Wave Voltammetry (OSWYV) in o-DCB-acetonitrile (4:1) (Figure 37
and Figure 38). In the anodic scan, both compounds show a first reversible one-electron
oxidation wave at 0.40 V for SA1 and 0.26 V for SA2 (vs Fc/Fc* in all cases) which correspond
to the first oxidation of the porphyrin. For SA2, the extended conjugation gives rise to a
decrease of the Eox value by 14 mV with respect to SA1. A second reversible oxidation wave is
observed at 0.78 V for SA1 and at 0.62 V for SA2. Compound SA2 shows two more non
reversible oxidation waves at 0.93 and 1.02 V attributed to the oxidation of the
thienylenevinylene moieties. The estimated Enomo values were calculated with respect to
ferrocene as reference (Enomo: -5.1 €V)’ and were determined to be -5.50 eV for SA1 and -
5.36 eV for SA2, in good agreement with the oxidation potentials. Low-lying HOMO levels
should result in high open-circuit voltages (Voc) and are, therefore, desired.&
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Figure 37. CV plot of compounds SA1-2 and precursors P1 and 2TV (anodic window)

Additionally SA1-2 show a first reduction potential at -1.34 and -1.44 V respectively.
Therefore ELumos of SA1-2 (calculated by electrochemical), are higher than ELumo of PCBM (-3.9
eV), with values of -3.76 and -3.66 eV for SA1 and SA2, respectively. The HOMO-LUMO gaps,
electrochemical determined, are as narrow as 1.74 and 1.70 eV for SA1 and SA2, respectively.

Hence, the LUMO energy levels of these small-molecules match quite well the LUMO energy of
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PCe1BM (-3.9 eV) and PC7:BM (-4.0 eV), which suggest an energetically favorable electron
transfer from SAl and SA2 to the acceptor moiety that should in turn favor the exciton
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Figure 38. OSWYV of compounds SA1-2 and the precursors 2TV and P1 (anodic window)

1.5.4 Theoretical Calculations

Theoretical calculations were carried out by density functional (DFT) at the B3LYP 6-31G*

q
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Figure 39. Optimized geometries of SA1-2

level.

The optimized structure of both SA1-2, show that the core is almost perfectly flat, with the

aryl groups bounded to the porphyrin core being perpendicular to the macrocycle (dihedral
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angle of 90°), while the thienylenevinylene fragments are almost in the same plane with respect
to the porphyrin rings with a dihedral angle around 0.5°. This planarity allows an extension of
the conjugation between the porphyrin and the dicyanovinylene fragments. The bond lengths of
the n-conjugated bridge between the porphyrin and the acceptor units are around 1.40 A, both
for single and double bonds, revealing a quinoid character. This fact suggests some zwitterionic
contribution to the ground state.

The distribution of the orbital coefficients of the HOMO and LUMO states (Figure 40) show
that the charge density of the HOMO of SA1-2 is delocalized over the whole conjugated system,
the porphyrin and thienylenevinylene moieties. Similar to the HOMO, the LUMO spreads over
the n-conjugated system. Since both orbitals, HOMO and LUMO (Figure 40) are somewhat

overlapped, this favors the HOMO to LUMO electronic transitions.

The theoretical HOMO-LUMO gaps are similar for both dyes, being slightly lower for
compound SA2 (AE = 1.72 eV) than for SA1 (AE = 1.87 eV). This fact is mainly due to the more
extended conjugation, increasing the HOMO level in SA2 and is related to the bathochromic
shift of the maximum absorption wavelength of compound SA2 with respect to that of dye SA1
(according with the experimental data), which improves the light harvesting behaviour. Finally,
the offset between the LUMO of the donor (SA1l or SA2) and the LUMO of the acceptor
(PCe1BM or PC7:BM),8! from 0.54 eV to 1.01 eV, ensures efficient exciton dissociation at the

D/A interface.
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Figure 40. Electronic density contours and energy levels for HOMO-1, HOMO, LUMO, and
LUMO+1 calculated at the B3LYP/6-31G** level for dyes SA1 and SA2 compared with the
energy levels of the PCes1BM and PC71BM frontier orbitals
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1.5.5 Photovoltaic properties

Thanks to the collaboration with Professor Luis Echegoyen, the solar cells were optimized at
the University of Texas, at El Paso, PCe1:BM and PC71BM were purchased from American Dye
Source and used as received. The ITO-coated glasses (Delta technologies, 5-15 Q) were pre-
cleaned stepwise by ultracentrifugation 15 minutes in detergent, deionized water, methanol,
acetone and iso-propanol and then by a 30 minutes UV-ozone treatment. A thin layer of
PEDOT:PSS (Clevios P VP Al 4083, 5000 rpm, 30 seconds, ~ 30 nm) was spin-coated onto the
ITO and baked at 150 °C for 15 minutes in air. Subsequently, the active layer
(SA1/SA2:PCe1BM, 30 mg/mL) with varying weight ratios (1:4, 1:2 and 1:1) was spin-coated at
1500 rpm from chlorobenzene solutions. SA1 or SA2, SA1/SA2:PC71BM (1:2, 30 mg/mL) was
spin-coated at 1500 rpm. Then the devices were transferred to a N: filled glove box (<0.1 ppm
02 and < 0.1 ppm H:0) for further processing. The photoactive layer was annealed at 80 °C for
10 minutes followed by thermal evaporation of 20 nm of calcium and 80 nm of aluminum (1 x 10-
6 mbar) with a shadow mask of 0.4 cm2. The photovoltaic properties were measured under 1
sun, AM1.5G (air mass 1.5 global) spectrum from a solar simulator (Photo Emission Tech
CT100) at 100 mW/cm?2. The Jsc—Voc characteristics were recorded with a Keithley 2420 source

unit.

To explore the potential photovoltaic (PV) properties of SA1 and SA2, solar cells were
fabricated using the conventional sandwich structure of ITO/poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)/small molecule: acceptor/Ca/Al.
The active layer was spin-coated from chlorobenzene solutions. The ratio of SA1 and SA2 to
PCs1:BM was adjusted, ranging from 1:1 to 1:4 (w/w), and the optimized value was found to be
1:2 for both of them. The optimized ratio was employed in a blend of SA1 and SA2 with
PC71:BM. The current density-voltage (J-V) characteristics and the external quantum efficiency
(EQE) for the conventional device are shown in Figure 41 a-d and the performance parameters

are summarized in Table 3 as a function of the weight ratios of Donor:PCe1BM.
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Figure 41. EQE and J-V characteristics of the SMBHJ for SA1 and SA2 blending with PCs:BM

at different ratios

Figure 41 b and Figure 41 d illustrate the best photovoltaic performances at varying D/A
ratios. Photovoltaic devices containing SA1:PCe1BM exhibited high Voc (0.86 V) at the optimized
blend ratio of 1:2 w/w, with a short circuit current (Jsc) of 5.72 mA cm2, and a fill factor (FF) of
28.4% for an average PCE of 1.45%. Increasing as well as decreasing the amount of PCe:BM
resulted in a lower PCE. In contrast, photovoltaic devices incorporating a blend of SA2 and
PCs:BM exhibited an average PCE of 2.70%, with a Voc of 0.82 V, FF of 35.2% and a
noteworthy Jsc of 9.79 mA cm2, as consequence of efficient light absorbing properties of SA2.
Average values were taken from 12 devices. The high values observed for the Vo using SA1
are in agreement with the deeper HOMO level of SA1 (-5.50 eV) vs SA2 (-5.36 eV). The
electron acceptor (PCs1BM) was replaced by PC7:BM due to the broader absorbance and the
higher extinction coefficient of the latter in the visible range. SMBHJ devices were fabricated
with an architecture of ITO/PEDOT:PSS/SA2 or SA1l:PC7:BM (1:2 w/w)/Ca/Al. Photovoltaic
devices based on SA2 and PC71:BM vyielded an increased PCE of 3.21%, a remarkable 14%
improvement, with an average Jsc of 10.83 mA cm2, Voc of 0.82 V and a slightly improved FF
(Figure 42). Surprisingly, no improvement was observed employing SA1:PC7:BM (1:2 w/w) as
the photoactive layer (Figure 43). In order to support the performances of the above devices,
incident photo-to-current efficiency (IPCE) measurements were also conducted. As shown in
Figure 41 b, the IPCE response of SA1 with PCs1BM covers the visible spectrum ranging, from
300 nm to 800 nm, which matches the absorption spectra. The devices incorporating SA2

exhibited more efficient photoconversion efficiency than those based on SA1, due to broader
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and higher IPCE response in the 300-600 nm range. Therefore, the addition of an extra unit of
thienylenevinylene leads to a stronger light-harvesting which results in a significant
improvement in the power conversion efficiency. In addition, the IPCE values were further
improved for a SA2:PC7:BM blend with a remarkable IPCE of 60% at 427 nm (Figure 42). The
theoretical Jsc values integrated from the EQEs are in good agreement with those

experimentally observed in all cases (x 5% mismatch).

Table 3. Summary of the photovoltaic performance of SA1 and SA2 blended with PCes:BM and
PC71BM under the illumination of AM1.5G, 100 mW/cm?2.

Active layer Voc (V) Jsc (MA cm?) FF (%) PCE [Highest] (%)
SA1:PCe1BM (1:4) 0.78+0.03 5.38+0.33 27.8+0.27 1.16+0.1[1.26]
SA1:PCe1BM (1:2) 0.86+0.01 5.67+0.12 28.1+0.22 1.36+0.1[1.48]
SA1:PCeiBM (1:1) 0.63+0.02 4.62+0.13 29.1+0.21 0.84+0.1[0.91]
SA2:PCe1BM (1:4) 0.79+£0.03 8.41+0.21 33.2+0.29 2.21+0.1[2.34]
SA2:PCe1BM (1:2) 0.82+0.02 9.44+0.26 35.0+0.22 2.70%0.1 [2.82]
SA2:PCe1BM (1:1) 0.84+0.02 5.84+0.30 27.3+0.21 1.35+0.1[1.48]
SA1:PC71BM (1:2) 0.84+0.01 5.56+0.12 26.4+£0.20 1.24+0.1[1.34]
SA2:PC71BM (1:2) 0.82+0.01 10.83+0.24 35.7+0.24 3.1620.1 [3.21]
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Figure 42. EQE (a) and J-V (b) characteristics of the SMBHJ for SA2 blending with PCs1:BM
and PC71:BM in a 1:2 ratio
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Figure 43. EQE (a) and J-V (b) characteristics of the SMBHJ for SA1 blending with PC61BM
and PC71BM in a 1:2 ratio

Inspecting the morphology of the photoactive layers by atomic force microscopy using the
tapping mode (AFM) provided some explanation for lower power conversion efficiencies
obtained for the photovoltaic devices® incorporating SA1 and SA2 when blended with PCe1BM
and PC71BM (Figure 44). The topography images for PCe1:BM and PC7:BM reveal the formation
of coarse morphologies with faceted islands features showing a root-mean-square roughness
(rms) of 1.9 and 1.7 nm, respectively. Large aggregates of several hundred nanometers were
observed which limit the exciton dissociation efficiencies and the charge transport, explaining
the lower FF and Jsc values measured for these devices. On the other hand, the surface
morphology of devices containing SA2:PCs1BM and SA2:PC71BM exhibit a smoother surface
topography (rms of 1.0 and 0.9 nm, respectively) with smaller aggregate sizes indicating better
morphological features for exciton dissociation at the donor-acceptor interfaces, which correlate
with the higher FF and Jsc and higher power conversion efficiencies observed.
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0.0 nm 0.0 nm

Figure 44. Tapping mode AFM height images (2 um x 2 ym) of SA1 films spin-coated from
chlorobenzene blended with (a) PC61BM and (b) PC71BM; Tapping mode AFM height images
(2 um x 2 uym) of SA2 films spin-coated from chlorobenzene blended with (¢) PCs:BM and (d)
PC71BM
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1.6 SA3 and SA4
1.6.1 Synthesis and characterization of SA3 and SA4

Scheme 4 illustrates the synthetic route used to obtain organic semiconductor compounds
SA3 and SA4, starting from the previously reported molecules Al-2 (see chapter 1 section
1.5.1). The compounds SA3-4 were obtained by Knoevenagel condensation. Next, 3-
ethylrhodanine was added to a solution of A1-2 in CHCIs, then two drops of piperidine were
added and the solution was refluxed overnight. The solvent was evaporated and the product
was purified by chromatography column with silica gel eluted with hexane and dichloromethane
(2:1), and then was recrystallized using CH2Cl2: MeOH to afford the products SA3-4 in 82% and
45% yields, respectively. All compounds were satisfactorily characterized by 'H and 1*C-NMR,

FT-IR spectroscopies and MALDI-MS spectrometry (see the experimental section).

/ piperidine SA3

SA4

Scheme 4. Synthetic route to molecules SA3-4

IH-NMR spectra of SA3 and SA4, show the successful condensation with the new vinyl

protons signals at 8.00 ppm and 7.95 ppm, respectively (Figure 45).

The mass spectrum of compound SA3 showed the molecular ion peak at m/z 1498.77 amu,
and the compound SA4 exhibited the molecular ion peak at m/z 2051.69 amu, (Figure 165 and
Figure 166). In the infrared spectra of SA3 and SA4 do not appear the carbonyl band at 1650
cm-! (corresponding to the precursor) and have been observed new bands at 1230 cm-! and
1700 cm? in SA4 and 1700 cm? and 1203 cm™ in SA3. These bands correspond to the
thiocarbonyl and to the amide groups, respectively, in 3-ethylrhodanine (see in the experimental

part, Figure 164).
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Figure 45. 3to 11 ppm *H-NMR spectra (400 MHz, CDCl3) of SA3 (left) and SA4 (right)

TGA measures were done and provided information about the good thermal stabilities of
SA3 and SA4 with decomposition temperatures of 377 °C and 355 °C respectively (Figure 46).
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Figure 46. Thermogravimetric analysis of SA3 (left) and SA4 (right)

1.6.2 Optical Properties

Optical properties of SA3 and SA4 in CH2Clz solution (Figure 49), as well as in thin-films are
collected in Table 4.

The UV-Visible spectrum of SA3 in CH2Clz exhibited the characteristic absorption pattern of
a Zn-chelated porphyrin having an intense Soret band at 507 nm (log ¢ =5.27), red shifted 42
nm in comparison to the precursor aldehyde Al; and SA3 show as well an intermolecular

charge transfer (ITC) intense band at 709 nm (log € =5.09), (Figure 47).
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Figure 47. Normalized UV-Vis absorption spectra of compounds SA3 (solid line) and precursors
P1 (dotted line), Al (dashed line) dichloromethane

The extension of the conjugation on the bridge by introduction of a new thienylenevinylene
unit show a significant impact on the absorption spectrum of SA4 leading to a red-shifted of the
Soret band to 547 nm (log € =5.02), this value is shifted 48 nm in comparison to the precursor

A2; and SA4 spectrum shows an ITC band lightly red shifted respecting to SA3 with maximum
at 716 nm (log € =5.02), (Figure 48).
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Figure 48. Normalized UV-Vis absorption spectra of compounds SA4 (solid line) and precursors
P1 (dotted line), A2 (dashed line) dichloromethane

The intense broad ITC band SA3-4 is also red-shifted, 41 and 20 nm respectively to their
precursors Al-2. In solution, SA3 and SA4 show absorption ranges from 300 nm near to 800
nm with a valley between 558-601 nm for SA3 and at 608 nm for SA4. The introduction of the 3-
ethylrhodanine fragments (SA3-SA4) lead to a bathochromic shift and broad absorption as a

consequence of the extension of the conjugation.
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Figure 49. Normalized absorption spectra of SA3 (dashed line) and SA4 (solid line) in

dichloromethane solution (105 M)
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In the solid state, the absorption maximum of SA3 and SA4 is shifted to the red side of the

spectra, relative to those in CH2Clz solution, by 59 and 48 nm respectively, as consequence of

the n-n stacking in solid state.
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Figure 50. Normalized UV-Vis spectra in CH2Clz solution (left) and thin films (right) SA3 (blue
line) and SA4 (red line)

The fluorescence spectra in dichloromethane display a red-shift of the emission band for

compound SA4 (Aexc= 483 nm) in comparison to that for SA3 (lexc= 417), around 19 nm, due to

the increased conjugation by the new thienylenevinylene unit (Figure 51).
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Figure 51. Fluorescence spectra were recorded in CH2Clz (Aexe= 417 nm for SA3, and Aexc= 483
nm for SA4)

Table 4. UV-Vis Absorption, Fluorescence Emission? and OSWV® data for compounds SA3 and
SAA4.

Amax Soln log Amax film Aem Elo ¢ Elred Eromo? ELumo® Eqf

(nm) (e) (nm) (nm) V) (eV) (eV) (eV)

SA3 481 5.16 429 727 0.26 -1.52 -5.36 -3.58 1.78
507 5.27 519
709 5.09 765

SA4 482 4.95 504 746 0.14 -1.60 -5.24 -3.50 1.74
547 5.02 534
716 5.02 765

210° M, in dichloromethane; ® 10 M in ODCB-acetonitrile (4:1) versus Fc/Fc* (Eox = 0.04 V) glassy
carbon, Pt counter electrode, 20 °C, 0.1 M BusNCIO4, scan rate = 100 mV s; ¢ reversible processes; ¢

calculated with respect to ferrocene, Evowmo: —5.1 eV; € estimated from Ered; ' Eg= Exomo — ELumo.

1.6.3 Electrochemical Properties

Electrochemical measures of SA3 and SA4 were done in o-DCB-acetonitrile (4:1), then
HOMO-LUMO orbitals were calculated based on the reduction and oxidation potentials (Table
4, Figure 52 and Figure 53). SA3-4 show a first reversible oxidation wave at 0.25 V and 0.13 V
respectively, which are assigned to the first oxidation of the porphyrin. Following a similar
pattern that in SA1-2, for SA4 the extended conjugation gives rise to a decrease of the Eox
value by 12 mV with respect to SA3. A second reversible oxidation wave is observed at 0.65 V
for SA3 and at 0.42 V for SA4. Compound SA4 shows two more non reversible oxidation waves
at 0.63 and 0.88 V attributed to the oxidation of the thienylenevinylene moieties. The estimated
Erowmo values were calculated with respect to ferrocene as reference (Exomo: -5.1 eV) and were
determined to be -5.36 eV for SA3 and -5.24 eV for SA4.
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Figure 52. CV of compounds SA3 (right) and SA4 (left) (anodic window)
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Figure 53. OSWYV of compounds SA3 (right) and SA4 (left) (anodic window)

Approximate LUMO energies of both compounds were calculated from the first reduction
potential, and these values are higher than that ELumo of PC71BM (-4.0 eV), with values of -3.58
and -3.50 eV for SA3 and SA4 respectively, which suggest an energetically electron favorable
transfer from SA3-SA4 to the acceptor molecule that should turn to the exciton dissociation.
The HOMO-LUMO gaps, electrochemical determined, are as narrow as 1.78 and 1.74 eV for
SA3 and SAA4, respectively.

1.6.4 Theoretical Calculations

In order to go inside into the structure and the electronic properties, theoretical studies were
done by performing density functional theory (DFT) calculations at the B3LYP 6-31G* level in

vacuo using Gaussian 03W.

The best geometry obtained of SA3 and SA4, show that © conjugated system, porphyrin
macrocycle and bounded thienylenvinylene monomers are planar. The dihedral angles of this
system are around 4°. The calculated dihedral angle of the N-ethylrhodanine with the thiophene

ring is 6 ~ 1.5°. The planarity of the whole n-conjugated system is liable for the extension of the
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conjugation and this fact is consistent with the calculated wave functions of the frontier
molecular orbital.

Figure 54. Optimized geometries of SA3-4

The HOMO and LUMO states are spread all over the porphyrin and the corresponding
thienylenvinylene system. These orbitals are overlapped, promoting HOMO to LUMO electronic
transitions (Figure 55).

The theoretical HOMO-LUMO gaps are similar for both dyes, being slightly lower for
compound SA4 (AE = 1.72 eV) than for SA3 (AE = 1.85 eV), these values are in the same order
of those obtained by the electrochemical measurements. The higher extension of the
conjugation in SA4 results an increase in the HOMO energy level, and, because of that a
bathochromic shift of the maximum absorption wavelength improving the light harvesting
behavior.
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Figure 55. Electronic density contours and energy levels for HOMO and LUMO calculated at
the B3LYP/6-31G** level for SA3 and SA4

1.6.5 Photovoltaic properties

The devices were performed by Agustin Molina, from Luis Echegoyen group at the
University of Texas, at El Paso, USA.
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Bulk heterojunction solar cells of SA3 and SA4, were fabricated, using the same
conventional sandwich structure that in SA1-2 (see chapter 1 section 1.5.5). The ratio of SA3
and SA4 to PC7.1BM was adjusted, ranging from 1:2 to 1:4 (w/w), and the optimized value was
found to be 1:4 for SA4 and 1:2 for SA3. The optimized ratio was employed in a blend of SA3
and SA4 with PC7:BM. The photovoltaic devices were measured under an ambient atmosphere

employing AM 1.5G simulated illumination at an intensity of 200 mW/cm?2.

The Figure 56 and Figure 57 exhibit the best photovoltaic performances at varying D/A
ratios. Photovoltaic devices containing SA3:PC7:BM exhibited high Voc (0.85 V) at the optimized
blend ratio of 1:2 w/w, with a Jsc of 11.36 mA cm?, and FF of 30.8 for an average PCE of
3.01%. Photovoltaic devices incorporating a blend of SA4:PC71BM exhibited an average PCE of
4.24%, with a Voc of 0.80 V, FF of 40.1% and an amazing Jsc of 13.20 mA cm2. The high
values observed for the Voc using SA3 are in agreement with the deeper HOMO level of SA3 (-
5.36 eV) vs SA4 (-5.24 eV). Figure 56 and Figure 57, the IPCE response of SA3 with PC7:BM
covers the visible spectrum ranging, from 300 nm to 800 nm, which matches the absorption
spectra. The devices incorporating SA4 exhibited more efficient photoconversion efficiency than
those based on SA3, due to broader and higher IPCE response in the 300-850 nm range.
Therefore, the addition of rhodanine as acceptor, leads to a significant improvement in the
power conversion efficiency. In addition, the IPCE values were further improved for a
SA4:PC7:BM blend with a remarkable IPCE of 80% at 417 nm.
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Figure 56. EQE (a) and J-V (b) characteristics of the SMBHJ for SA3 blending with PCs1BM
and PC71:BM in a 1:2 ratio
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Figure 57. EQE (a) and J-V (b) characteristics of the SMBHJ for SA4 blending with PCs1BM
and PC71BM in a 1:2 ratio

Table 5. Summary of the photovoltaic performance of SA3 and SA4 blended with PC71.BM
under the illumination of AM1.5G, 100 mW/cm2.

Active layer Voc (V) Jsc (MA cm?) FF (%) PCE [Highest](%)
SA3:PC71BM (1:4) 0.79+0.04 11.0340.31 31.4+0.2 2.73 +0.2[2.86]
SA3:PC71BM (1:3) 0.87+0.01 11.48+0.25 30.2+0.1 3.01 £0.1[3.04]
SA3:PC71BM (1:2) 0.85+0.01 11.36+0.21 30.8+0.3 3.01+0.1[3.05]
SA4:PC71BM (1:4) 0.80+0.04 13.2+0.21 40.1+0.29 4.24+0.1[4.35]
SA4:PC71BM (1:3) 0.82+0.02 12.45+0.24 38.5+0.24 3.91 +0.1 [3.98]
SA4:PC71BM (1:2) 0.84+0.03 12.12+0.37 34.7+0.26 3.55 £ 0.1 [3.63]

1.6.6 Hole mobility

The hole mobility was measured by Nuria Fernandez Montcada, from Emilio Palomares
Group at the Institut Catala d’Investigacié Quimica, (ICIQ), Tarragona, Spain; using the Space
Charge Limited Current method (SCLC). The hole mobility of these devices is one of the critical
conditions to determine the most optimal fabrication method as the final thickness of the devices

are strongly limited by this characteristic of the donor molecule.

The mobility average for SA3 and SA4 molecules is 1.25-10° Vcm2s? and 1.56-10° Vem-
2s1 respectively. When the donor group used in the molecular framework is very strong, as
happens using porphyrins, the effect of the side chains on mobility becomes less critical and the
porphyrin governs the hole mobility. Moreover, they do not present a higher mobility in this

case.

In addition, to understand the difference of the electrical performance between both devices,
charge extraction and the transient photovoltage were measured. The geometric contribution of

total extracted charges is indicated with a straight line and calculated to be 80 and 64 nFcm-2 for
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SA3-4 respectively (see experimental part Figure 167). Figure 58 shows charge corresponding
to the chemical capacitance in order to count only the charges that can be stored inside the bulk
of the device. SA3 device has a right-shift in agreement with the increase in Voc observed in IV

characterization. Moreover, the system is capable to store more charges and then efficiently
extracted in SA4.

SA4 present longer life-times than SA3, this agrees with the hypothesis about a better and
proper aggregation of SA4 and PC7:BM; that could explain also the differences observed in the
EQE and could be one reason for the higher efficiency of SA4. All these results points out that
the stacking is optimized for SA4; as consequence of a better interaction between the sulphure
units that increase the possibility of electron hopping towards the donor/fullerene interface, the
FF is slightly enhanced and, hence, as the amount of fullerene could be increased the charges
are transferred more efficiently retarding the recombination.
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Figure 58. Charge density at different applied potentials of SA3 and SA4. A) CE including all
the capacitance contribution b) the same CE excluding the geometric capacitance
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Figure 59. Charge life-time of SA3 and SA4
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1.7 SA5 and SA6
1.7.1 Synthesis and characterization of SA5 and SA6

Scheme 5 illustrates the synthetic route to the connector C3 starting from 4,4-dihexyl-4H-
cyclopenta[2,1-b:3,4-bldithiophene (BTC); the formylating agent, also known as the Vilsmeyer-
Haack Reagent, is formed in situ from N,N-Dimethylformamide (DMF) and phosphoryl chloride
(POCIs), an electrophilic aromatic substitution leads to a-chloro amines, which are rapidly
hydrolyzed during work up to give the aldehyde, affording 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene-2-carboxaldehyde (BTCCHO) in 83% vyield.

POCI I
3 \ \ |
- = - = ‘ s
\ s \ s ccl, <
S DMF s {
{ Ph(0,CCFa),
BTC BTCCHO c3

Scheme 5. Synthetic route to C3

IH-NMR spectrum of BTCCHO, shows one singlet at 7.58 ppm corresponding to the B
position to the sulfur atom, near to the aldehyde, and one singlet at 9.84 ppm assigned to the
proton of the formyl group. Also is observed two duplets at 7.40 ppm and 6.99 ppm,

corresponding to § and o positions respectively in BTC ring (see experimental part Figure 169).

Then, iodoaldehyde C3 was prepared by reaction of the aldehyde BTCCHO with molecular
iodine (l2), and bistrifluoroacetoxiiodobenzene (Phl(OCOCF3)2) in CCls at room temperature one

night, in 92% yield (see more synthesis details at the end of this chapter).”*

In the 'H-NMR spectrum of C3, the duplet at 7.40 ppm corresponding to the o position in
BTC have disappeared, indicating the successful iodation, and shows two singlets at 7.57 and
7.17 ppm assigned to the B positions to the sulfur atoms; the characteristic signal at 9.84 ppm

corresponding to the formyl group is also observed (see experimental part Figure 170).

Scheme 6 shows the synthetic route used to obtain compounds SA5 and SAG6, this
synthesis began from bis-trimethylsilyl porphyrin P1. The trimethylsilyl group was quantitatively
removed by hydrolysis with TBAF, and then water was added to quench the reaction, then the
product was extracted with CHCIs and the solvent was evaporated. The product, without further
purification was reacted with C3 under Pd-catalyzed Sonogashira coupling conditions, one night
at reflux of anhydrous THF, to afford the bisaldehyde A3 in 70% yield.
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Scheme 6. Synthetic route to molecules SA5 and SA6

The H-NMR spectrum of A3 shows all the expected signals for the porphyrin macrocycle at
9.64 and 8.78 ppm and the aldehyde proton is observed at 9.79 ppm, (see experimental part
Figure 171).13C-NMR spectrum of A3 shows the signal at 182.75 ppm, corresponding to the
carbons of the formyl groups and at 91.13 and 99.74 ppm the signals of the triple bond carbons
linked to the porphyrin and the BTC, the aliphatic signals are between 38.00 and 14.27 ppm.
The spectrum does not show the signal at 0.34 ppm corresponding to the two trimethylsylil
groups, substituted by the fragments of BTCCHO (see experimental part Figure 172).

The target compound SA6 was obtained by Knoevenagel condensation of A3 with
malononitrile in the presence of triethylamine in 86% vyield and SA5 by reaction of A3 with 3-

ethylrhodanine in the presence of piperidine in 91% vyield.

IH-NMR spectrum of SA5 shows a signal at 8.01 ppm, indicating the successful
condensation, also shows signals corresponding to the methyl of rhodanine at 4.18 ppm (Figure
60). 'H-NMR spectrum of SA6 shows signal at 7.72 ppm assigned to the successful
condensation and consequently for both compounds the aldehyde signals at 9.79 ppm are not

observed.

Ll
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Figure 60. 7 to 10 ppm region of the *H-NMR spectra (400 MHz, CDCls) of SA5 (left) and SA6
(right)
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I3C-NMR spectrum of SA5 shows signals at 192.53, 167.68 and 40.61 ppm (see Figure
173, experimental section), corresponding to the carbon atoms of the rhodanine groups. In SA6
new signals at 115.12, 114.37 and 72.51 ppm corresponding to the dicyanovinylene groups are
observed, and for both compounds the signals corresponding to the carbons of the aldehyde
are not observed at 182.75 ppm (see experimental part Figure 174).

The mass spectra, match with the expected values of compounds SA5 and SA6. The mass
spectrum of SA5 showed the molecular ion peak at m/z 1687.05 amu, while compound SA6

exhibited the molecular ion peak at m/z 1497.23 amu (see experimental part, Figure 175 and
Figure 176).

The stability of compounds SA5 and SA6 at high temperature were estimated by TGA,
using the same conditions of SA1-2. Compounds SA5 and SA6 show decomposition at 387°C
and 400 °C, respectively (see Figure 61).
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Figure 61. TGA of SA5 (left) and SAG6 (right)

1.7.2 Optical Properties

The UV-Vis absorption spectra, in CH2Cl2 solution, of the precursor aldehyde A3 and those
of the final compounds SA5, SA6 exhibit a broad absorption in the visible region. The spectrum
of A3 shows the Soret band (Amax = 489 nm) red-shifted, with respect to the Soret band in the
precursor porphyrin P1 (Amax = 435 nm). A3 shows a new band at Amax = 693 nm, assigned to
intramolecular charge transfer (ICT). In SA5-6 ITC band is more intense that A3, as
consequence of the introduction of the fragments 3-ethyl-rhodanine in SA5, (Figure 62), and

dicyanovinylene in SA6 (Figure 178), showing a higher charge transference.

Similar absorption were found for SA5-6 spectra in solution of CH2Clz, showing absorption
ranges from 362 nm to 797 nm with a valley centered at 602 nm, matching with the solar

spectrum, making this compounds functional for solar cells (Figure 63).
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Figure 62. Normalized UV-Vis absorption spectra of compounds SA5 (solid line) and precursors
A3 (dashed line) and P1 (dotted line)
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Figure 63. Normalized UV-Vis absorption spectra of SA5 (solid line) and SA6 (dashed line) in

CH:Cl: solution (105 M)

Table 6. UV-Vis Absorption, Fluorescence Emission2 and OSWVP® data for compounds SA5-6.

Amax soln Log Aem Elodb © Elred Enomo? ELumo® Eqf
(nm) (&) (nm) V) ) (eV) (eV) (eV)
SA5 437 4.69 752 0.20 -1.53 -5.30 -3.57 1.73
488 4.92
530 5.08
722 4.96
SA6 448 5.25 750 0.26 -1.42 -5.36 -3.68 1.68
489 5.34
539 5.55
725 5.47

210° M, in dichloromethane; ® 10 M in ODCB-acetonitrile (4:1) versus Fc/Fc* (Eox = 0.04 V) glassy
carbon, Pt counter electrode, 20 °C, 0.1 M BusNCIlO4, scan rate = 100 mV s'; ¢ reversible processes; ¢

calculated with respect to ferrocene, Erowmo: —5.1 eV; € estimated from Elred; ' Eg= Exomo — ELumo.
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The fluorescence spectra for SA5 (Aexc = 530 nm) and SA6 (Aexc = 539 nm) in CH2Clz, show
an emission band at 750 and 748 nm respectively, nevertheless, SA6 shows a low emission
intensity attributed to more efficient electron transfer processes (see experimental section
Figure 178).

1.7.3 Electrochemical Properties

Electrochemical potentials of SA5 and SA6 were measured by Cyclic Voltammetry (CV) and
Osteryoung Square Wave Voltammetry (OSWV) in o-DCB-acetonitrile (4:1), then, Evomo and
ELumo were calculated (Table 6, Figure 64 and Figure 179). SA5-6 show a first reversible one-
electron oxidation wave at 0.26 V for SA6 and 0.20 V for SA5 (vs Fc/Fc* in all cases) which
correspond to the first oxidation of the porphyrin. For SA6, the electron withdrawing properties
of the rhodanine, decrease the Eox value by 6 mV with respect to SA5. A second reversible
oxidation wave is observed at 0.48 V for SA5 and at 0.65 V for SA6. Compound SA6 shows
another non reversible oxidation wave at 1.08 V and SA5 shows two non reversible oxidation
wave at 0.76 V and 1.02 V. The estimated Ewnomo values were calculated with respect to
ferrocene as reference (Exomo: -5.1 eV) and were determined to be -5.30 eV for SA5 and -5.36
eV for SA6. The HOMO-LUMO gaps determined by electrochemical are as narrow as 1.73 and
1.68 eV for SA5 and SAG6, respectively. The ELumo calculated with the first reduction potential,
for both compounds are higher than that ELumo of PC71BM, with values of -3.57 and -3.68 eV for
SA5 and SAB, respectively, which help to an energetically favorable electron transfer from SA5-

SAG to the acceptor moiety that should in turn favor the exciton dissociation.

4.0x10°
3.0x10° 4

2.0x10°

I/mA

1.0x10° 4

0.0

-1.0x10°

SAS SAG6

Figure 64. CV of compounds SA5 and SA6 (anodic window)

1.7.4 Theoretical Calculations

Theoretical energy levels and geometrical structures of SA5-6, were calculated by Gaussian
03W (Figure 65 and Figure 66). The optimized structure of SA5-6, show the meso-substituted
aryl groups bounded to the porphyrin core being perpendicular to the porphyrin core (6~90°),
the macrocycle is almost coplanar, while the BTC fragments are almost in the same plane with

respect to the porphyrin ring.
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Figure 65. Stable geometries for SA5-6

The electron density at the HOMO s fully delocalized over all the conjugated system and
the LUMO moves away from the acceptor group, towards the electron-acceptor part. The
HOMO and LUMO state shows that the charge density of the HOMO of SA5-6 is delocalized
over the whole conjugated system, as same as in the last molecules. The theoretical HOMO-

LUMO gaps are similar for both dyes, being slightly higher for compound SA5 (AE = 1.79 eV)
than for SA6 (AE = 1.77 eV).

LUMO: -3.21 eV LUMO: -3.40 Ev

HOMO: -5.00 eV HOMO: -5.17 eV

Figure 66. Electronic density contours and energy levels for HOMO and LUMO calculated for
SAS (left) and SAG6 (right)
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1.7.5 Photovoltaic properties

To study the application of SA5 and SAG6 in the photovoltaic devices, preliminary measures
were performed at the Institute of Chemical Research of Catalonia ICIQ, Tarragona, Spain,

thanks to a visit to Professor Emilio Palomares’s group (these values are not optimized).

SA5 and SA6 solutions were prepared in chlorobenzene (20 mg/mL) with PC7:BM (using
different weight ratios) and left under stirring overnight. Substrates coated with a PEDOT:PSS
solution was spin-coated over the ITO to form a film (~ 25 nm). The spinning was carried out for
30 seconds at 4500 rpm followed by 30 seconds more at 3500 rpm. PEDOT was annealed at
120°C for 15 minutes inside the glove box. Next, solution was spin coated over the PEDOT
layer at 2000 rpm (2 acc). Finally thin layers of LiF (0.6 hm) and Al (90 nm) were deposited for

normal devices, using a high vacuum thermal evaporator (see Scheme 7).

LiF:Al [CATHODE)

SAG:PCEM

PEDOT P55

ITO [ANDDE)

SUBSTRATE [GLASS)

Scheme 7. General structure of BHISC

Table 7. Summary of the photovoltaic performance of SA5 blended with PC71BM with different
ratios under the illumination of AM1.5G, 100 mW/cm?2.

Active layer? Voc (V) Jsc (MA cm?) FF (%) PCE [Highest](%)
SA5:PC71BM (1:2) 0.73 7.29 32.96 1.50
SA5:PC71BM (1:3) 0.79 9.57 33.25 2.56
SA5:PC71BM (1:4) 0.78 9.85 34.06 2.61
SA5:PC71BM (1:5) 0.69 8.74 31.43 1.89
SA5:PC71BM (1:4)° 0.80 11.72 41.08 3.87
SA6:PC71BM (1:4)P 0.80 9.78 35.48 2.77

2 Not optimized devices;  Solutions prepared with 1% of pyridine

Different strategies, such as donor:acceptor ratio controlling, thermal annealing, solvent
annealing, adding additives, and others; have been used to get BHJSC layers with ideal
morphological properties, like appropriate phase separation, suitable domain size and favorable

molecular orientation of both donor phase and acceptor phase.® The donor:acceptor ratio is
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one of the most important parameters in the fabrication process of photovoltaic devices. The
balanced hole and electron transport property is necessary to avoid accumulation of charge, to
facilitate charge transport process during the photoelectric conversion. Different weight ratios of
SA5 and PCBM were studied, the ratio 1:5 afford a lower Voc, nevertheless the FF decrease in
comparison to ratio 1:4 which has higher Jsc and FF in comparison to the other devices,
therefore, although Voc is higher, the integration of the others parameters allow the highest
PCE (2.61%).

SA5 devices were optimized by adding pyridine,8 without additive Voc of SA5 (1:4) is
slightly lower (0.78 V) than with pyridine (0.80 V), moreover, the current increase from 8.74 mA
cm? without additive to 11.72 mA cm2 with 1% of pyridine. SA5 without additive has a PCE of
2.61% and 1% of pyridine afford a PCE of 3.87%. Photovoltaic devices incorporating a blend of
SA6:PC7:BM with 1% of pyridine exhibited a PCE of 2.77% (see Figure 67).

SA5 and SA6 exhibit good Voc values (~0.80 V). Additionally SA5 shows a Jsc, similar to
reported porphyrin devices with higher PCE (5%). Nevertheless, FFs of SA5-6 are too low to
enhance this efficiency (see Table 1). The performance in SA5-SA6 devices can be optimized
by enhancing the FF. Moreover, the preliminary results show both compounds as good
materials for photovoltaic devices.

25

Current density (mA/cn™)

0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 67. J-V characteristics of the SMBHJ for SA5 (solid line) and SA6 (dash line) blending
with PC7:BM in a 1:4 ratio, using 1% of pyridine
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1.8 SA7, SA8, SA9 and SA10
1.8.1 Synthesis and characterization of S7-10

Scheme 8 shows the synthetic route for the preparation of precursor porphyrin P2S, starting
from resorcinol and 1-bromohexane in presence of K2COg3, this solution was refluxed in dry THF
affording 1,3-dihexyloxybenzene (99% vyield). Next, tetramethylethylenediamine (TMEDA) was
added to a solution of 1,3-dihexyloxybenzene in dry THF at 0 °C, then n-BuLi was added
dropwise, the mixture was stirred at 0 °C during 30 minutes, and then DMF was added and
stirred during 1 hour at room temperature. The mixture was poured into a hydrochloric acid
solution to obtain 2,6-dihexyloxybenzenaldehyde in 71% yield. In the IH-NMR spectrum of 2,6-
dihexyloxybenzenaldehyde, the signal at 10.55 ppm corresponding to the aldehyde, was

observed (see Figure 181 and Figure 182 in the experimental part).

OCeH13 gyl A
THF CHO

DMF

HN
g
/@\ 1-bromohexane /@\ TMEDA N
- . . - .
HO OH CeH130 CeH130 OCgH13

K,CO;

CHCl,
DbQ
Et;N
MeOH BF30C4H1o
CHCly T™S
D — \
Zn(OAc),H,0 CHO
CHCl3
P2s P2

Scheme 8.Synthesis of P2S

A solution of 2,6-dihexyloxybenzenaldehyde in pyrrole was stirred, then was added
trifluoroacetic acid and the reaction was quenched with a saturated solution of hydroxide

sodium, affording the product 5-(2,6-dihexyloxybenzyl)dypirromethane in 65% yield.

Under Ar atmosphere, 3-(trimethylsilyl)-2-propynal was added to a solution of 5-(2,6-
dihexyloxybenzyl)dypirromethane in chloroform and BF3(Et20). to form the porphyrinogen and
this was oxidized with DDQ, and after 1 hour EtsN was added, to obtain 5,15-bis-
(trimethylsilyl)ethynyl)-10,20-(2,6-dihexyloxybenzyl)lporphyryn (ll), P2, in 19% vyield. 8 The
characterization of all new molecules was performed by using 'H-NMR, 13C-NMR, FT-IR

spectroscopies and MALDI-TOF mass spectrometry.

Zinc acetate dihydrated ((ZnOAc)2 x2H20) was added to a solution of porphyrin in CHCls,
affording in [5,15-bis-(trimethylsilyl)ethynyl)-10,20-(2,6-dihexyloxybenzyl)lporphyrinato] zinc (l1),
(P2S) in quantitative yield. The 'H-NMR spectrum of P2S shows the protons corresponding to
the porphyrin core at 9.6 ppm and 8.80 ppm and the signals at 3.8 ppm assigned to the four
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protons next to oxygen in the hexyloxy chains; and does not show the signal at -2.07 ppm,
corresponding to the protons of the nitrogen into the porphyrin core, indicating the successful

metalation of the porphyrin core (see supporting information, Figure 183 and Figure 184).

Scheme 9 illustrates the synthetic route for preparation of SA7 and SAS8, starting from P2S.

1) TFA, CH,Cl,

2) Pdy(dba) / AsPhg
EtsN

CeHiz  CeHis
s
| 7\
\ /g~ ~CHO
CeH1z  CeHis
P4s c2 A4
<CN
1 EtzN
- g SA8

A4

P SA7
S\”/N\/ 1 piperidine
s

Scheme 9. Synthetic route to chromophores SA7 and SA8

The trimethylsilyl group was quantitatively removed by hydrolysis with TBAF and water was
added to quench the reaction, then the product was extracted with CHCls. The solvent was
evaporated and the product, without further purification, reacted with the corresponding
iodoaldehyde C2 under Pd-catalyzed copper-free Sonogashira coupling conditions, using

triphenylarsine and Pdz(dba)s to afford bisaldehyde A4 in 51% yields.

The H-NMR spectrum of A4 shows the expected signals of the porphyrin at 9.60 and 8.85
ppm and shows at 9.95 ppm signals corresponding to aldehyde protons and also shows the
trans configuration of the double bond of 2TV at 7.38 and 7.12 ppm with a 15.5 Hz coupling
constant (see experimental part Figure 185). 23C-NMR spectrum of A4 shows a signal at 181.91
ppm assigned to the carbon of the aldehyde group and shows aliphatic signals corresponding to
the alkyl chains of nTV between 32.32 and 13.50 ppm (see experimental part Figure 186). The
infrared spectrum of A4 shows the characteristics band at 1652 cm-! corresponding to the
carbonyl of the aldehyde (C=0). From 2854 to 2952 cm- bands corresponding to the alkyl
chains of NTV's are observed (see experimental part Figure 187).

The target compound SA7 was obtained by Knoevenagel condensations of A4 with 3-ethyl-
rhodanine and piperidine as base in 59% yields and SA8 was obtained by condensation of A4
with malononitrile in presence of triethylamine in 73% yield. *H-NMR spectrum of SA7 shows
new vinylic signals at 7.97 ppm, indicating a successful condensation, it also shows signals at
4.24 ppm, corresponding to the ethyl near to the rhodanine and does not show signals

corresponding to aldehyde protons at 9.95 ppm of the precursor. TH-NMR spectrum of SA8
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shows new vinylic signals at 7.80 ppm assigned to a successful condensation and does not

show signals corresponding to aldehyde protons of the precursors at 9.95 ppm (see Figure 68).

T T T T T T T
10 9 8 7 6 5 4

1 1 1 1 1 1 1
10 9 8 7 6 5 4

Figure 68. 11 to 3 ppm *H-NMR spectra (400 MHz, CDCl3) of SA7 (left) and SA8 (right)

I3C-NMR spectrum of SA7 shows signals at 192.68, 167.72 and 40.12 ppm (Figure 69),
corresponding to the carbon atoms of the rhodanine groups. 1¥C-NMR spectrum of SA8 shows
signals at 115.68, 114.27 and 73.09 ppm corresponding to dicyanovinylene moiety. In both

spectra do not appear signals at 181.91 ppm corresponding to the aldehydes.

o | ] ”me

T T T T T
\l% lgfr 1"‘0 u‘;c l%‘?r 14‘10 \‘:\” l?‘?r w“n w‘« a‘ﬂ s‘ﬁ ﬂ‘c 160 150 140 130 120 110 100 90 80 70

Figure 69. 70-160 ppm 13C-NMR spectra (100 MHz, CDCIs) of SA7 (left) and SA8 (right)

Infrared spectrum of SA7 shows new bands at 1234 cm and 1702 cm-, corresponding to
the thiocarbonyl and amide respectively in 3-ethylrhodanine, and does not show the carbonyl
band at 1652 cm-* (Figure 70).
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Figure 70. FT-IR Infrared spectrum of SA7
Infrared spectrum of SA8 shows new bands at 2217 cm-! corresponding to dicyanovinylene,

and does not show the characteristic band at 1652 cm-! corresponding to the carbonyl of the
aldehyde (Figure 71).
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Figure 71. FT-IR Infrared spectrum of SA8

Scheme 10 illustrates the synthetic route to SA9-10, starting from P4S. The trimethylsilyl
group was quantitatively removed by hydrolysis with TBAF and, without further purification,
reacted with the corresponding iodoaldehyde C3 under Pd-catalyzed copper-free Sonogashira
coupling conditions to afford bisaldehyde A5 in 44% yields. The target compound SA9 was
obtained by Knoevenagel condensations of A5 with malononitrile in the presence of
triethylamine in 59% vyield, and SA10 was obtained with 45% vyields by condensation with 3-

ethyl-rhodanine.
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1) TFA, CH,Cl,

2) Pd,(dba)s / AsPh,
EtsN

Cc3

CN

< /EtsN SA10
A5 CN
O

/_( SA9

Rand
s / piperidine

Scheme 10. Synthetic route to chromophores SA9 and SA10

IH-NMR spectrum of A5 shows expected signals corresponding to the porphyrin macrocycle
at 9.61 and 8.89 ppm and shows signals at 9.86 corresponding to aldehyde protons, also shows
at 7.64 and 7.55 ppm protons corresponding to the thiophene rings (see experimental part
Figure 194). 13C-NMR spectrum of A5 shows at 182.64 ppm a signal corresponding to the
carbon of the aldehyde group and aliphatic signals appear between 37.85 and 13.53 ppm (see
experimental part Figure 195). The infrared spectrum of A5 shows the characteristic band at

1656 cm-? corresponding to the carbonyl of the aldehyde (see experimental part Figure 196).

IH-NMR spectrum of SA9 shows new signal at 7.77 ppm, assigned to the vinyl protons,
indicating a successful condensation, and also shows protons corresponding to the ethyl of the
ethylrhodanine at 3.91 ppm. 'H-NMR spectrum of SA10 shows new signals at 7.80 ppm,
confirming the successful condensation. Both spectra do not show signals at 9.86 ppm

corresponding to the formyl group (Figure 72, Figure 188 and Figure 190).

e L

10 9 8 7 6 5 4 3 2 1 0

Figure 72. *H-NMR spectrum (400 MHz, CDCls) of SA9

13C-NMR spectrum of SA9 shows signals at 191.52, 167.04 and 39.89 ppm, corresponding

to the carbons of the rhodanine groups. 13C-NMR spectrum of SA10 shows new signals at
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128.26 and 68.63 ppm, assigned to the dicyanovinyl groups (Figure 198 and Figure 201). Both

spectra do not show signals at 182.64 ppm, corresponding to the precursor aldehyde.

Infrared spectrum of SA9 shows new bands at 1238 cm™? and 1697 cm assigned to
thiocarbonyl and amide respectively, present in 3-ethylrhodanine, which has been sucesfully

coupled to the molecule (Figure 70).
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Figure 73. FT-IR Infrared spectrum of SA9

The infrared spectrum of SA10 does not showed the band at 1652 cm-! corresponding to the
carbonyl of the aldehyde and a new band at 2217 cm-? of dicyanovinylene group is observed
(Figure 74).
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Figure 74. FT-IR Infrared spectrum of SA10
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The mass spectra of compounds SA7-10 show the molecular ion peak at m/z 2367.15,

2177.19, 2002.73 and 1812.80 amu respectively, according to the exact mass forecasted (see
experimental part Figure 192, Figure 193, Figure 203 and Figure 204).

TGA studies of SA7, SA8, SA9 and SA10 show decomposition temperatures of 372, 387,

349, and 358 °C respectively, which agree with the expected properties in materials for solar
cells (Figure 75).
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Figure 75. Thermogravimetric analysis of SA7-10

1.8.2 Optical Properties

The UV-Vis spectra of the precursor aldehydes A4 and A5, in solution of CH2Cl2 show the
Soret band at Amax = 492 nm and Amax= 502 nm, respectively. Both Soret bands are
bathochromically shifted, with respect to the Soret band in the precursor porphyrin P2S at Amax =
442 nm. Both aldehydes show a new intense band at Amax = 686 nm and Amax = 694 nm,

respectively, corresponding to intramolecular charge transfer (ICT), (Figure 76).
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Figure 76. Normalized absorption spectra of P2S (dotted line), A4 (dashed line) and A5 (solid

line) in dichloromethane solution (105 M)

UV-Vis spectra of SA7-10 in CHzCl2 solution exhibit an absorption that covers a wide range
of wavelengths within the solar emission spectrum (300-760 nm), having high values of log(g)
(see Table 8). SA7-10 spectra present a red-shift of the absorption bands in comparison with
the precursor aldehydes and have intense ITC band, as consequence of the push-pull effect
with the addition of an electron acceptor moiety as 3-ethylrhodanine or dicyanovynil, therefore
SA7 absorption spectrum shows a wider absorption ranges, from 302 nm to 768 nm with a
valley centered at 612 nm, with maximum bands at Amax = 714 nm, 552 nm and 484 nm. The
absorption spectrum of SA9 shows ranges from 372 nm to 768 nm with a valley centered at 604
nm, with maximum bands at Amax = 716 nm, 538 nm. However, SA7 shows wider absorbance
that SA9 due to the higher conjugation of 2TV in comparison with BTC. Similarity, SA8 shows
absorption ranges from 304 nm to 788 nm with a valley centered at 608 nm, with maximum
bands at Amax = 714 nm, 546 nm and 488 nm, SA10 shows ranges from 358 nm to 794 nm with
a valley centered at 604 nm, with maximum bands at Amax = 722 nm, 536 nm to SA10 (Figure
78). The fluorescence spectra of SA7-10 show strong emissions at 741, 754, 755 and 751 nm

respectively.
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Figure 77. Normalized absorption spectra of SA7 (solid line) and SA9 (dash line) in CH2Clz
solution (10 M)
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Figure 78. Normalized UV-Vis absorption spectra of compounds to SA8 (solid line) and SA10

(dash line) in dichloromethane solution (10> M)

Table 8. UV-Vis Absorption, Fluorescence Emission and OSWYV data for compounds SA7-10

Amax soln log dem Elob:© Elred Enomo? ELumo © Eyf

(nm) (e) (nm) V) ) (eV) (eV) (eV)

SA7 484 5.05 741 0.44 -1.40 -5.54 -3.70 1.84
552 5.11
714 5.17

SA8 488 4.96 754 0.15 -1.45 -5.25 -3.65 1.60
546 4.94
714 5.01

SA9 538 5.13 755 0.18 -1.35 -5.28 -3.75 1.53
716 5.21

SA10 536 5.20 751 0.21 -1.43 -5.31 -3.67 1.64
722 5.12

210 M, in dichloromethane; ® 10 M in ODCB-acetonitrile (4:1) versus Fc/Fc* (Eox = 0.04 V) glassy
carbon, Pt counter electrode, 20 °C, 0.1 M BusNCIlO4, scan rate = 100 mV s'; ¢ reversible processes; ¢

calculated with respect to ferrocene, Evowmo: —5.1 eV; € estimated from Elred; ' Eg= Exomo — ELumo.

1.8.3 Electrochemical Properties

Redox and oxidation potentials of SA7-SA10 were measured using Cyclic Voltammetry
(CV) and Osteryoung Square Wave Voltammetry (OSWYV) in o-DCB-acetonitrile (4:1), before
HOMO and LUMO levels were calculated (Figure 79 and Figure 202).

All compounds show a first reversible one-electron oxidation wave at 0.44 V for SA7, 0.15 V
for SA8, 0.18 V for SA9 and 0.21 V for SA10 (vs Fc/Fc* in all cases) which correspond to the
first oxidation of the porphyrin. Moreover Exomo of all compounds was calculated from the first
oxidation potential, were determined to be -5.54 eV for SA7, -5.21 eV for SA8, -5.28 eV for SA9
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and -5.31 eV for SA10. Others reversible oxidation waves are observed at 0.79 and 1.00 V for
SA7, 0.57 and 0.87 V for SA8, 0.48, 0.68 and 0.75 V for SA9, 0.61 and 1.05 V for SA10. Some
compounds show others non reversible oxidation wave at 1.2 V for SA7, 0.95 V for SA8, 1.01 V
for SA9. The HOMO-LUMO gaps, optically determined, are 1.70 for SA7 and 1.69 eV for SA8,
SA9 and SA10 and 1.68 eV for SA5 and SAB, respectively.
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Figure 79. CV plot of SA7-SA10 (anodic window)

The reduction potential is associated with electron affinity and indicates an approximate
value of ELumo level. The calculated values of -3.84 for SA7 -3.56 for SA8 -3.59 for SA9 and -
3.62 eV for SA10, are appropriate to an energetically favorable electron transfer to the acceptor
moiety that should in turn favor the exciton dissociation (see experimental part Figure 202). The
HOMO-LUMO gaps, optically determined, are 1.70 for SA7 and 1.69 eV for SA8, SA9 and
SA10 and 1.68 eV for SA5 and SAB6, respectively.
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1.8.4 Theoretical Calculations

The most stable geometries and theoretical HOMO and LUMO energy levels of SA7-10

were carried out by theoretical calculations, using Gaussian 03W (Figure 80 and Figure 81).

Figure 80. Geometric structures of SA7-10

The optimized structures SA7-10 show the porphyrin macrocycle almost coplanar with the
conjugated linker 2TV or BTC, and phenyl rings in all molecules have a perpendicular angle
with respect to the porphyrin core. The planarity allows an extension of the conjugation between

the porphyrin and the conjugated linker.

The distribution of the orbital coefficients of the HOMO and LUMO states, show an
overlapping between the HOMO and LUMO, in all the molecules, allowing the HOMO to LUMO
electronic transitions. The HOMO charge density of compounds SA7-10 are delocalized over
the porphyrin and connector fragments. The theoretical HOMO-LUMO gaps in SA7-10 are 1.66,
1.66, 1.71, 1.74 eV, being slightly lower compounds with 2TV as conjugated linker.
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Figure 81. Electronic density contours and energy levels for HOMO and LUMO calculated for
SA7-10
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Figure 82. HOMO-LUMO of SA7-10 and PCBM

1.8.5 Photovoltaic properties

The photovoltaic performance of SA7-10, were studied at the Institute of Chemical
Research of Catalonia (ICIQ), Tarragona, Spain (preliminary measures).

SA7-10 devices were prepared in chlorobenzene (20 mg/mL) with PCBM71 (ratio 1:4 wi/w),
using the same methodology that SA5-6 devices; moreover, all new devices were prepared with
1% of pyridine. SA7-10 show lower Jsc probably as consequence of the alcoxy chains, this
bulky morphology interrupt n-n conjugation, decreasing the current. However, SA9 shows a
higher Jsc of 9.28 mA/cm affording best PCE (2.20%) in relation with the other devices,
probably as consequence of a better optimization. The devices incorporating 3-ethylrhodanine
as acceptor, lead to a significant improvement in the power conversion efficiency with higher FF
that compounds with dicyanovinylene. Nevertheless all FFs are too low to develop devices with
higher PCE. Moreover Voc of devices with dicyanovinylene SA8 and SA10 are lower that
devices with rhodanine SA7 and SA10. In addition, probably the widely variation of Voc and Jsc

values in similar structures SA7-10, is a consequence of the poor optimization of the devices,
with only one batch measured for SA7, SA8 and SA10.

Table 9 shows a summary of the photovoltaic performance of SA7-SA10 blended with
PC71BM (1:4) under the illumination of AM1.5G, 100 mW/cm?2,

Table 9. Photovoltaic performance of SA7 to SA10

ACTIVE LAYER Voc (V) Jsc (MAcm?)  FF (%) PCE [Highest](%)
SA7:PC71BM (1:4)28 0.74 4.67 43.86 1.51
SA8:PC71BM (1:4)2b 0.60 4.67 25.44 0.14
SA9:PC71BM (1:4) b 0.76 9.28 31.05 2.20

SA10:PC7:BM (1:4)2b 0.43 2.61 29.80 0.33

219% of pyridine; ® Not optimazed values
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1.9 SAl1l and SA12
1.9.1 Synthesis and characterization of SA11 and SA12

Synthesis of SA11-2 was performed thanks to the collaboration of Gabriela Moran. Scheme
11 shows the synthetic route of precursor P3, starting from 2-hexylthiophene, DMF and POCIs,
according to the Vilsmeier formylation conditions, affording 5-hexylthiophene-2-carbaldehyde
(HTCHO), in 94% yield. HTCHO reacted with pyrrole, via a modification of Lindsey’s TFA acid
catalyzed condensation, 8¢ affording 2,2’-((5-hexylthiophen-2-yl)methylene)bis(1H-pyrrole) in
77.5% vyield.

@ CeH1s
N
H

. D
CoHis™ g CgHig™ g~ ~CHO
ur POCI; /IDMF HTCHO TFA \\ //
NH HN
™S
X0
Et;N \ CHCly
CeHis DDQ BF30C4H1o
S =—TMs

-

Zn(0Ac),H,0
MeOH
CHCly

Scheme 11. Synthesis of P3

Finally, under Ar atmosphere, 3-(trimethylsilyl)-2-propynal was added to a solution of 2,2’
((5-hexylthiophen-2-yl)methylene)bis(1H-pyrrole) in CHCIls and BF3O(C2Hs)2 was added to
produce the porphyrinogen and this was oxidized with DDQ, after 1 hour EtsN was added,
affording 5,15-bis(5-hexylthiopen-2-yl)-10,20-bis((trimethylsilyl) ethynyl) porphyrin in 7.3%
yield.8” Porphyrin was treated with zinc acetate in CHCIz at room temperature during one night
and [5,15-bis(5-hexylthiopen-2-yl)-10,20-bis((trimethylsilyl) ethynyl) porphyrinato] zinc (P3) was
obtained in quantitative yield.8 1H-NMR spectrum of P3 shows all the expected signals, and in
particular a signal at 0.62 ppm corresponding to the protons of the two trimethylsilyl groups
(Figure 206).

Scheme 12 illustrates the synthetic route of SA11-2. The first step of the synthesis, was the
preparation of 5,15-bis(5-hexylthiopen-2-yl)-10,20-bisethynyl porphyrinato zinc (P3S) was made
by a double deprotection of the terminal triple bond by treatment of P3 with TBAF, then was
extracted with CHCIs, the solvent was evaporated and the product was used directly in the

following reaction. Aldehydes A6-7 were obtained by double copper-free Sonogashira coupling
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of P3S and the iodine aldehydes C1-2, using as Pdz(dba)s and triphenylarsine, in presence of
EtsN refluxing for 18 hours, affording both aldehydes A6-7 in 60% yield.
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Scheme 12. Synthetic route to SA11-12

Compounds SA11-12 were obtained by a double Knoevenagel condensation of A6-7 with 3-
ethylrhodanine and piperdine, affording final molecules in 95% and 34% yield respectively. H-
NMR spectrum of SA11l shows a new signal at 6.64 ppm and SA12 at 7.79 ppm; in both
compounds these signals confirm the successful condensation (Figure 83) and additionally
SA12 show signals at 7.05 and 6.76 ppm assigned to the protons of 2TV double bond, with a
coupling constant of 16 Hz, therefore confirming the trans configuration. Additionally, both
spectra do not show signals at 9.56 ppm corresponding to the protons of the two aldehyde

groups.

Jo
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Figure 83. 7-10 ppm *H-NMR spectra of SA11-12
13C-NMR spectrum of SA11 shows signals at 191.66, 166.77 and 39.50 ppm and SA12 at

191.95, 166.59 and 39.47 ppm, in both spectra these signals are assigned to the carbons of the
rhodanine groups (Figure 84).
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Figure 84. 13C-NMR spectra of SA11-12

Infrared spectra of SA11-12 show new bands assigned to ethylrhodanine moieties, at 1230
and 1240 cm? assigned to the thiocarbonyl respectively, and at 1680 and 1700 cm
respectively, corresponding to the amide. Also both spectra show bands between 2840 and
2920 cm! corresponding to the alkyl chains of nTV's and hexylthiophene. Additionally both
spectra do not show carbonyl band at 1650 cm- (Figure 85 and Figure 86).
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Figure 85. Infrared spectrum of SA11
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Figure 86. Infrared spectrum of SA12

MALDI-TOF mass spectrometry of SA11-12 confirmed the molecular mass and showed the

molecular ion m/z at 1597.27 and 2148.16 amu respectively (see experimental part Figure 211).

TGA investigations where done for SA11-12, and both compounds exhibit good thermal
stabilities, with Td of 364°C for SA11 and 365 °C for SA12 (Figure 87).

Weight /%

300 400 500 600 300 400 500 600

Figure 87. Thermogravimetric analysis of SA11 (left) and SA12 (right)

1.9.2 Optical properties

The UV-Vis spectra of SA11-12 in solution are similar to those previously described. A6-7
spectra show the Soret band Amax at 472 nm and 503 nm respectively. The introduction of the
rhodanine fragments lead to a bathochromic shift, of SA11-12 bands as consequence of the
extension of the conjugation. SA11 has a strong absorption in the visible region with a
maximum of 716 nm (log € = 4.95), 511 nm (log € = 5.21), 421 (log € = 4.66), a high molar
extinction coefficient that improves the light collection and allows current photogeneration.
Increasing the m conjugation upon increasing the length of the thienylenevinylene in SA12

results in a wider absorbance. SA11 show the maximum absorption band of the spectrum at
510 nm, and SA12 at 716 nm.
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Figure 88. Normalized UV-Vis absorption spectra of SA11 (dashed line) and precursor A6
(solid line) in THF
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Figure 89. Normalized UV-Vis absorption spectra of SA12 (dashed line) and precursor A7
(solid line) in THF
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Figure 90. Normalized UV-Vis absorption spectra of SA11-12

Table 10. UV-Vis Absorption, Fluorescence Emission? and OSWV® data for compounds SA11-
12

Amax S0IN log Aem Elox? € Elred Enomo®  ELumo® Eqf
mo @ m v v @ ey
SA1ll 421 4.66 748 0.32 -1.48 -5.42 -3.62 1.80
511 5.21
716 4.95
SA12 346 4.71 750 0.20 -1.54 -5.30 -3.56 1.74
493 5.17
510 5.15
548 5.19
723 5.20

2105 M, in THF; 10 M in ODCB-acetonitrile (4:1) versus Fc/Fc* (Eox = 0.04 V) glassy carbon, Pt counter
electrode, 20 °C, 0.1 M BusNCIlOa, scan rate = 100 mV s; ¢ Nonreversible processes; 9 calculated with

respect to ferrocene, Eromo: —5.1 eV; ¢ estimated from Elred; Eg= Exomo — ELumo.

1.9.3 Electrochemical properties of SA11 and SA12

Electrochemical techniques were employed to measure oxidation and reduction potentials of
SA11-12 by Cyclic Voltammetry (CV) and Osteryoung Square Wave Voltammetry (OSWYV) in o-
DCB/acetonitrile (4:1) and tetrabutylammonium perchlorate as supporting electrolyte. The
oxidation waves were measured at 0.32, 0.69 and 1.17 V for SA1l, where the first one is
reversible and the last two non-reversible, and 0.20, 0.48, 0.67 and 0.90 V for SA12, where the
first three are reversible and the last one non-reversible (see Table 10, Figure 91, Figure 213

and experimental part Figure 212).
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The extended conjugation of SA12 decreased the Eox value by 12 mV with respect to SA11.
The estimated Enowmo values were determined to be -5.42 eV for SA11 and -5.30 eV for SA11.

6,0x10° 4

3,0x10° 4

4,0x10°

2,0x10° 4

I/mA
mA

2,0x10° o
1,0x10° -

Figure 91. OSWV SA11 (left) and SA12 (right), (anodic window)

ELumo is related to the first reduction potential (-1.48 V and -1.54 V for SA11-12
respectively); for both compounds Erumo values (-3.62 and -3.56 eV for SA11l and SA12,
respectively), match quite well the LUMO energy of PCe1BM (-3.9 eV) and PC7:BM (-4.0 eV),
which suggest an energetically favorable electron transfer from SA11 and SA12 to the acceptor

moiety that should favor the exciton dissociation.

Comparing with PC7:BM as reference, the energy difference between the HOMO level of
porphyrin compounds SA11 and SA12, and the between PC7:BM LUMO level, is 1.42 eV for
compound SA11 and 1.30 eV to SA12, values which in principle allow high open circuit
voltages. The HOMO-LUMO gaps, electrochemical determined, are as narrow as 1.80 and 1.74
eV for SA11 and SA12, respectively

1.9.4 Theoretical Calculations

Theoretical geometry and HOMO-LUMO properties of SA11-12 were measured by (DFT) at
the B3LYP 6-31G* (d, p) level, in gas phase, using Gaussian 03W. The most stables
geometries of SA11-12 are shown in Figure 92. Thienylenevinylene fragments are almost
coplanar with the plane described by the porphyrin ring and the triple bond, with dihedral angle
of 2.84° to SA1l and 5.29° to SA12. This planarity allows an extension of the conjugation
between the porphyrin and the rhodanine fragments. The hexylthiophene rings are attached to

the porphyrin system to this plane with dihedral angle of 69.5°.

M
> - X
f \69'5 ) ’C // 69.5
R ,/‘T(/—/\'T/\l_i_ /_\://-—’ / S \L e K ~5 1.00° _{
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Figure 92. Geometric structure of SA11-12
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The theoretical distributions of the orbital coefficients of the HOMO and LUMO states,
shows that there exists overlapping between the HOMO and LUMO, in both molecules, favoring
the HOMO to LUMO electronic transitions. The charge density of the HOMO of SA11 and SA12
is delocalized over the porphyrin and thienylenevinylene fragments. The theoretical difference of
HOMO-LUMO gap is lower in the case of compound SA12, and agrees with the values obtained
experimentally, 1.87 eV and 1.74 for SA11-12 respectively, probably as consequence of the
extended conjugation, increasing the HOMO level in SA12, with respect to SA11.

Theoretical energy difference between HOMO level and LUMO of PC71BM was calculated,
showing 1.11 eV for compound SA11 and 0.87 eV for compound SA12, what ensures efficient

exciton dissociation at the D/A interface. (Figure 93).
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Figure 93. Electronic density contours and energy levels for HOMO and LUMO calculated for
SA11 and SA12

1.9.5 Photovoltaic properties

The preliminary results of the SA11-12 photovoltaic parameters have been performed at the
Institute of Chemical Research of Catalonia ICIQ, Tarragona, Spain, thanks to a collaboration

with Professor Emilio Palomares.

First, SA11:PC71BM ratios were optimized, showing 1:3 ratio to be the best performance.
Then, inside of the glovebox SA11 devices were tested in different additive concentrations

showing 1% pyridine devices a better performance (see Table 4). The last optimization was
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measured with 1% pyridine, different ratios and thermal annealing. The best results were

obtained with a 1:1 ratio and a thermal annealing of 110°C during 10 minutes with a 2.64% PCE
and 9.01 mA/cm-2Jsc (see Table 11).

Table 11. Photovoltaic performance of SA11 (not optimized values)

ACTIVE LAYER Voc (V) Jsc (MAcm?)  FF (%) PCE [Highest](%)
SA11:PC71BM (1:3) ‘ 0.73 251 28.50 0.52
SA11:PC71BM (1:3) ‘ 0.74 9.33 33.90 2.36
SA11:PC71BM (1:3)° ‘ 0.51 6.26 32.60 1.05
SA11:PC71BM (1:1)%* ‘ 0.80 9.01 36.50 2.64

21% of pyridine; ° 3% of pyridine; ¢thermal annealing (110°C, 10 min); 9thermal annealing (110°C, 25 min)
SA12 devices were measured with 1% pyridine, a ratio 1:3, and different annealing times.

10 minutes of annealing showed a 9.73 mA/cm2 current and 2.57% PCE, with only one

optimization SA12 shows to be a promising device to allow a higher PCE.

Table 12. Photovoltaic performance of SA12 (with 1% pyridine, not optimized values)

ACTIVE LAYER Voc (V) Jsc (MAcm?)  FF (%) PCE [Highest](%)
SA12:PC71BM (1:3) ‘ 0.68 9.59 33.50 2.18
SA12:PC7:BM (1:3)2 ‘ 0.74 9.73 35.40 2.57
SA12:PC71BM (1:3)° ‘ 0.65 10.40 32.00 2.19

2thermal annealing (110°C, 10 min); ® thermal annealing (110°C, 25 min)
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1.10 Chapter 1. Summary

Twelve new A:zB2 porphyrins with the configuration A-n-D-n-A were synthesized and
characterized by 'H and 2C-NMR, FT-IR spectroscopies and MALDI-MS spectrometry.

Additionally, thermal analysis was evaluated.
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A 3-ethylrhodanine dicyanovinylene
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Table 13. Donor, bridge and acceptor moieties of SA1-12 porphyrins
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All new porphyrins showed similar absorption spectra, with an intense and broad Soret band
and a second intense red-shifted band, attributed to intermolecular charge transfer. In addition,
electrochemical properties were measured and HOMOs and LUMOs for all compounds were
calculated, which agreed with the desirable values for p-type semiconductors. Next,
photovoltaic devices were tested; in general, the optimized devices showed similar values of
Voc and FF, and devices with higher Jsc afforded higher PCE, depicted in Table 14.

Table 14. Photovoltaic parameters of SA1-SA12

ACTIVE LAYER® Voc (V) Jsc (MAcm?)  FF (%) PCE [Highest](%)
SA1:PCs1BM (1:2) 0.86 5.67 28.1 1.36
SA2:PC71BM (1:2) 0.82 10.83 35.7 3.16
SA3:PC71BM (1:3) 0.87 11.48 30.2 3.01
SA4:PC71BM (1:4) 0.80 13.20 40.1 4.24
SA5:PC71BM (1:4)° 0.80 11.72 411 3.87
SA6:PC71BM (1:4)° 0.80 9.78 355 2.77
SA7:PC71BM (1:4)° 0.74 4.67 43.9 1.51
SA8:PC71BM (1:4)° 0.60 2.67 25.4 0.14
SA9:PC71BM (1:4)° 0.76 9.28 31.1 2.20
SA10:PC71BM (1:4)P 0.43 2.61 29.8 0.33
SA11:PC7BM (1:1)° 0.80 2.64 36.5 2.64
SA12:PC71BM (1:3)b¢ 0.74 2.57 35.4 2.57

2 Solvent: chlorobenzene; ® Not optimized, 1% pyridine; ¢ Thermal annealing.

In the former sections a detail analysis for each molecule was done. However, to
understand the general behavior of these porphyrins different trends for porphyrin groups were
analyzed. First, the behavior of B bridge was studied, employing the same D moiety and A

acceptor (see Table 15).
Absorption of mesityl porphyrins with different bridges were analyzed (

Figure 94). The spectra showed a general tendency; porphyrins with (E)-1,2-bis(3,4-
dihexylthiophen-2-yl)ethylene, exhibited a broader absorption than porphyrins with 4,4-dihexyl-
4H-cyclopental2,1-b:3,4-b"ldithiophene and porphyrins with 3,4-dihexylthiophene, which
corresponded with the expected values. The Soret band of porphyrin with 3,4-dihexylthiophene
in both series was blue shifted (~44 nm) in comparison to E)-1,2-bis(3,4-dihexylthiophen-2-
yl)ethylene porphyrin.
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Table 15. Porphyrins with different B bridges and same donor and acceptor

D A B Molecules
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Figure 94. Normalized spectra of mesityl porphyrins with dicyanovinyl moieties and different
bridges (left) and mesityl porphyrins with rhodanine moieties and different bridges (right).
Bridges: 3,4-dihexylthiophene (black), 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b"]dithiophene (blue)
and (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene (red).
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HOMO levels of porphyrins with different bridges were analyzed. Porphyrins with 3,4-
dihexylthiophene showed a higher HOMO than 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene porphyrins and E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene porphyrins, as was
expected (Table 16).

Table 16. HOMO level and photovoltaic parameters of mesityl porphyrins with different bridges

Molecule HOMO" Voc (V) Jsc(mMA  FF PCE
cm?) (%)  [Highest](%0)
SAl12 -5.50 0.86 5.67 28.1 1.36
SAGBP -5.36 0.80 9.78 35.5 2.77
SAZ2¢ -5.36 0.82 10.83 35.7 3.16
SA32 -5.36 0.87 11.48 30.2 3.01
SA5P -5.30 0.80 11.72 41.1 3.87
SA4° -5.24 0.80 13.20 40.1 4.24

“calculated by Enomo: —5.1 eV- Elox Bridges: 23,4-dihexylthiophene; °4,4-dihexyl-4H-cyclopenta[2,1-
b:3,4-bldithiophene; ¢ (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene.

In order to understand the photovoltaic performance, the same two series were analyzed.
Nevertheless, the devices were tested in different conditions, therefore this comparison is only a
general reference to study the behavior of different porphyrin moieties. Moreover, studies of

morphology, mobilities and other devices parameters are still in progress.

According to the calculated Voc, porphyrins with 3,4-dihexylthiophene exhibited a higher
value than porphyrins with other bridges, and these results agreed with the determinated
experimental Voc. The calculated Voc of 4,4-dihexyl-4H-cyclopental2,1-b:3,4-b"dithiophene
porphyrins was lower than (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene  porphyrins.
Nevertheless, for mesityl porphyrins with dicyanovinyl, (E)-1,2-bis(3,4-dihexylthiophen-2-
ylethylene porphyrins exhibited an experimental Voc 0.02 V higher than 4,4-dihexyl-4H-
cyclopenta[2,1-b:3,4-b']dithiophene porphyrins, and for mesityl porphyrins with rhodanine

exhibited the same Voc.

Next, Jsc in mesityl porphyrins with dicianovynil groups showed a significant difference
between the different bridges. (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene showed the highest
value (10.83 mAcm-?); followed by 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b]dithiophene (9.78
mAcm-?) and 3,4-dihexylthiophene (5.67 mAcm-). Mesityl porphyrins with rhodanine groups
showed the same trending; moreover, the difference between each bridge is + 2 mAcm2. Then,
FF showed low values for 3,4-dihexylthiophene porphyrins and similar for the other two bridges.

To finish this analysis, PCE was analyzed and as consequence of the difference in Jsc, (E)-1,2-
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bis(3,4-dihexylthiophen-2-yl)ethylene porphyrins showed the highest PCE, followed by 4,4-
dihexyl-4H-cyclopenta[2,1-b:3,4-b"]dithiophene, and 3,4-dihexylthiophene.

Then the behavior of rhodanine and dicyanovinyl groups, as acceptor, was analyzed with
the same D moiety and same B bridge (see Table 17).

Table 17. Porphyrins with the same donor and bridge, and different C acceptor
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HOMO levels of the two acceptors were analyzed, those porphyrins with rhodanine as
acceptor moiety were easier to oxidize and their HOMO was lower, as was expected; as
consequence of the stronger acceptor properties of dicyanovinyl groups (see Table 18).
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Table 18. HOMO level and photovoltaic parameters of mesityl porphyrins with different

acceptors
Molecule HOMO Voc (V) Jsc FF PCE
0, i 0,
(mA cm?) (%) [Highest](%)
SA12 -5.50 0.86 5.67 28.1 1.36
SA3P -5.36 0.87 11.48 30.2 3.01
SA2@ -5.36 0.82 10.83 35.7 3.16
SA4b -5.24 0.80 13.20 40.1 4.24
SA62 -5.36 0.80 9.78 35.5 2.77
SA5P -5.30 0.80 11.72 41.1 3.87
SA9? -5.31 0.76 9.28 31.1 2.20
SA10° -5.28 0.43 2.61 29.8 0.33

Acceptor: 2dicyanovinyl group; ° rhodanine group

The photovoltaic performance of SA1-SA4 have been already optimized; SA5-10 devices
still in process of optimization and only preliminary results are presented. As was indicated
before, dicyanovinyl based porphyrins must be higher than those porphyrins having rhodanine
as acceptor group. Nevertheless, experimental Voc is similar for both with a difference of + 0.01
V (see Table 18). SA9-10 showed a different behavior, probably because with this devices only
one measured was done. According to the tendency, SA9-10 can be optimized to afford best
Voc, Jsc and PCE. In addition, Jsc and PCE can also be optimized for SA5-6. However, for
optimized devices FF and Jsc is higher for rhodanine based porphyrins than for dicyanovinyl

based porphyrins, affording higher PCE for these devices.
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111

VI.

VII.

Conclusions

Twelve new small molecules based on porphyrin with structure A-n-D-m-A were

designed, synthesized and fully characterized

The performance of all new porphyrin based systems in BHJSC was evaluated.

Mesityl porphyrin with (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as bridge and
rhodanine as acceptor (SA4), showed a higher Jsc (13 mA/cm-1), allowing a higher

PCE (4.24%) in comparison to the other optimized devices.

Porphyrins with 3,4-dihexylthiophene as bridge showed a higher Voc, (0.86 V for
SAl and 0.87 for SA3) than the other optimized porphyrin based devices (0.82 V for
SA2, 0.80 for SA4).

Porphyrins with rhodanine moiety as acceptor reached higher Jsc than porphyrins

with dicyanovynil as terminal end, affording a better PCE.

Porphyrins with (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as bridge showed
higher Jsc than porphyrins with other bridges, leading to higher PCE.

FFs of all devices are low (~30%) and need to be optimized to enhance the

efficiency.
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1.12 General experimental details
1.12.1 Synthetic work condition details

Synthetic procedures were carried out under inert argon atmosphere, in dry solvent unless
otherwise noted. All reagents and solvents were reagent grade and were used without further
purification. Chromatographic purifications were performed using silica gel 60 SDS (particle size
0.04-0.06 mm) for flash chromatography (230-400 mesh ASTM) and silica gel 60, (particle size
0.06-0.2 mm) for column chromatography (70-230 mesh ASTM). Analytical thin-layer
chromatography was performed using Merck TLC silica gel 60 F254.

1.12.1.1  Spectroscopy Characterization

IH-NMR spectra were obtained on Bruker TopSpin AV-400 (400 MHz) spectrometer.
Chemical shifts are reported in parts per million (ppm) relative to the solvent residual peak
(CDCls, 7.27 ppm), (THF-ds 1.73, 3.58 ppm).13C-NMR chemical shifts (8) are reported relative to
the solvent residual peak (CDCls, 77.0 ppm), (THF, 25.5 ppm).

UV-Vis measurements were carried out on a Shimadzu UV 3600 spectrophotometer. For
extinction coefficient determination, solutions of different concentration were prepared in
CH2CI2 (HPLC grade) with absorption between 0.1-1 of absorbance using a 1 cm UV cuvette.

The emission measurements were carried out on Cary Eclipse fluorescence spectrophotometer.

Mass spectra (MALDI-TOF) were recorded on a VOYAGER DETM STR mass spectrometer

using dithranol as matrix. Melting points are uncorrected.

Fourier transform infrared spectrophotometer FT-IR Thermo Nicolet AVATAR 370
incorporating an ATR (attenuated total reflectance), software EZ OMNIC, version 6.2. In each
case the most characteristic bands are indicated for each compound. Measurements were

made with liquid samples, some solids with KBr and the oils with ATR accessory.

1.12.1.2  Density Functional Theory (DFT) calculations

The molecular geometries and frontier molecular orbitals of these new dyes have been
optimized by density functional theory (DFT) calculations at the B3LYP/6-31G* level.8°

1.12.1.3  Electrochemistry

Cyclic  voltammetry was performed in ODCB-acetonitrile  (4:1)  solutions.
Tetrabutylammonium perchlorate (0.1 M as supporting electrolyte) were purchased from Acros
and used without purification. Solutions were deoxygenated by argon bubbling prior to each
experiment which was run under argon atmosphere. Experiments were done in a one-

compartment cell equipped with a platinum working microelectrode (& = 2 mm) and a platinum
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Gwire counter electrode. An Ag/AgNO3s (0.01 M in CH3CN) electrode was used as reference
and checked against the ferrocene/ferrocenium couple (Fc/Fc*) before and after each

experiment.

1.12.1.4  Thermal stability

The thermal stability was evaluated by TGA on a Mettler Toledo TGA/DSC Start System
under nitrogen, with a heating rate of 10 °C/min. Heating of crystalline samples leads to melting

of the solids, but no recrystallization was observed.

105



CHAPTER 1

1.12.2 Experimental details in the synthesis of SA1 and SA2

General procedure to Vilsmeier formilation

At room temperature to a solution of the interested compound (1eq) in 1,2-dichloroethane
(1,2 DCE, dryed over MgSO4 anh) was added dimethylformamide (DMF,1.8 eq), then was
added drop to drop of phosphorus trichloruride, (POCIs, 1.6 eq) the mixture was stirred during
18 hours at reflux temperature. The reaction was quenched with a saturated solution of sodium
acetate (NaOAc, sat.) while stirring for 1 hour until reach neutral pH, and extracted with CH2Cl>.
The combined organic phases were dried over anhydrous MgSO4 and filtered. The solvent was

removed by rotary evaporation.

Synthesis of 3,4-dihexyl-2-thiophencarboxaldehyde %

Following the general procedure to Vilsmeier formilation, to a solution of 3,4- (%t cp,,
dihexylthiophene (15.9 mmol, 4.00 g) in 48 mL of 1,2-DCE (3 mL/mmol) was @CHO
added DMF (28.6 mmol, 2.2 mL), then was added drop to drop of POCIs (25.4 mmol, 2.3 mL).
The product was purified by column chromatography (silica gel, hexane:CHCIs, 1:1). The
compound was obtained as a yellow oil (15.58 mmol, 4.40 g, 98% yield). TH-NMR (400 MHz,
CDClz) 8/ppm: 10.02 (s, 1H), 7.35 (s, 1H), 2.89 (t, 2H, J = 5.9 Hz), 2.54 (t, 2H, J = 5.9 Hz), 1.64-
1.57 (m, 4H), 1.39-1.31 (m, 12H), 0.92-0.88 (m, 6H).

Synthesis of (E)-1,2bis(2-(3,4-dihexyl-2-yl)ethylene *°

To a solution of powder zinc (Zn, 3 eq, 41.9 mmol, 2.74 g) in 94 mL of [c

offra CeH1s
THF (6.8 mL/mmol), was added titanium tetrachloride (TiCls, 1.5 eq, 21.0 %
W)

mmol, 2.3 mL) The mixture was stirred at reflux temperature during 1 hour. CoHig

CeH1s

The reaction was cold to room temperature and was added a solution of 3,4-dihexyl-2-
thiophencarboxaldehyde (1 eq, 14.0 mmol, 3.91 g) and pyridine (py, 2 eq, 27.9 mmol, 2.3 mL).
The reaction was stirred 18 hours at reflux temperature. The reaction was quenched with water
and extracted with CHClIs (3 x 100 mL). The combined organic extract was dried over anhydrous
MgSOs and filtered. The solvent was removed by rotary evaporation. The product was purified
by column chromatography (silica gel, hexane). The compound was obtained as oil (6.16 mmol,
1.72 g, 88% yield). *H-NMR (400 MHz, CDCIs) &/ppm: 7.00 (s, 2H), 6.75 (s, 2H), 2.60 (t, 4H, J =
7.8 Hz), 2.49 (t, 4H, J = 7.8 Hz), 1.63 (q, 4H, J = 7.7 Hz), 1.50 (q, 4H, J = 7.7 Hz), 1.40 (m, 8H),
1.35-1.33 (m, 16H), 0.93-0.90 (m, 12H).

Synthesis of (E)-5-(2-(3,4-dihexylthiophen-2-yl)vinyl)-3,4-dihexylthiophene-2-

carbaldehyde %
co

R CeH1s
. . . - /1
Using the general procedure to Vilsmeier formilation, DMF (6.2 mmol, %CHO
/
CeH1g

0.5 mL) was added to a solution of (E)-1,2bis(2-(3,4-dihexyl-2-thienyl) (4 CoHis
mmol, 2.16 g) in 135 mL of 1,2-DCE (33 mL/mmol). Then POCIs (5.2 mmol, 0.5 mL) was added
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dropwise. The crude was purified by chromatography column (silica gel, hexane:CHClz, 3:2).
The final product was yellow oil (2.68 mmol, 1.5 g, 67% yield). 'H-NMR (400 MHz, CDCl3)
d/ppm: 9.97 (s, 1H), 7.27 (d, 1H, J = 15.5 Hz), 6.96 (d, 1H, J = 15.5 Hz), 6.85 (s, 1H), 2.85 (t,
2H, J = 8.0 Hz), 2.64-2.57 (m, 4H), 2.49 (t, 2H, J = 7.8 Hz), 1.67-1.27 (m, 32H), 0.93-0.85 (m,
12H).

General synthetic procedure for iodation reactions

To a solution of the connector aldehydes (C1-3) (1 eq) in carbon tetrachloride (CCls, 1.25
mL/mmol) was added Phl(OCOCF3z)2 (0.55 eq) and molecular iodine (I2, 0.5 eq). The mixture
was stirred at room temperature. The reaction was quenched with a saturated solution of
sodium thiosulfate (Na2SOs sat.) while stirring for 15 min and extracted with CH2Cl.. The
combined organic phases were dried over anhydrous MgSO4 and filtered. The solvent was

removed by rotary evaporation.

Synthesis of 5-iodo-3,4-dihexyl-2-thiophencarboxaldehyde (C1) ™*

CgH

Using the general procedure previously described, 3,4-dihexyl-2- ’2/131(35"'13
thiophencarboxaldehyde (1.8 mmol, 500 mg) was reacted with PhI(OCOCF3). (1.0 "
mmol, 416 mg) and I2 (0.9 mmol, 226 mg) in 2.2 mL of CCls. The product was purified by

CHO

column chromatography (silica gel, hexane:CHCIs, 7:3). C1 was obtained as yellow oil (1.51
mmol, 610 mg, 84% yield). *H-NMR (400 MHz, CDCIz) &/ppm: 9.90 (s, 1H), 2.94-2.90 (m, 2H),
2.57-2.53 (m, 2H), 1.64-1.57 (m, 4H), 1.39-1.31 (m, 12H), 0.93-0.88 (m, 6H). *C-NMR (100
MHz, CDCIs) &/ppm: 181.21, 150.46, 148.40, 143.02, 89.74, 32.33, 31.49, 31.46, 30.56, 29.69,
29.30, 29.26, 27.80, 22.57, 22.52, 14.06, 14.03. MALDI-TOF MS (m/z): calculated for
Ci17H2710S: 406.08; found: 406.08 (M+). FT-IR (ATR) u/cm'l: 2923, 2854, 1654, 1523, 1461,
1427, 1365, 1222, 1126, 1079, 721, 674.

Synthesis of (E)-1-(5-Formyl-3,4-dihexyl-2-thienyl)-2-(5-iod0-3’,4’-dihexyl-2’-
thienyl)ethylene (C2)

Using the general procedure previously described to iodation, E-(5- | % cimi,
a
Formyl-3,4-dihexyl-2-thienyl)-2-(3’,4’-dihexyl-2’-thienyl)ethylene (0.6 mmol, I%wo
CeHi13

338 mg) was reacted with PhI(OCOCFs3)2 (0.3 mmol, 142 mg), Iz (0.3 mmol, Cothrs

77 mg) in 0.75 mL of CCls. The product was purified by column chromatography (silica gel,
hexane:CHCIs, 3:2). C2 was obtained as yellow oil (0.37 mmol, 255 mg, 62% yield). 'H-NMR
(400 MHz, CDCl3) &/ppm: 9.98 (s, 1H), 7.19 (d, 1H, J = 15.5 Hz), 6.97 (d, 1H, J = 15.5 Hz), 2.84
(t, 2H, J = 7.7 Hz), 2.64 (t, 2H, J = 7.7 Hz), 2.58 (t, 2H, J = 7.7 Hz), 2.49 (t, 2H, J = 7.7 Hz),
1.50-1.27 (m, 32H), 0.94-0.88 (m, 12H). 13C-NMR (100 MHz, CDClz) &/ppm: 181.92, 152.97,
147.73, 146.57, 141.79, 141.79, 141.57, 141.00, 134.77, 123.09, 118.77, 75.46, 32.26, 31.56,
31.54, 31.52, 31.13, 31.00, 29.76, 29.32, 27.91, 27.11, 26.40, 22.60, 22.54, 14.09, 14.05.
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MALDI-TOF MS (m/z): calculated for CssHsslOS2: 682.27; found: 683.49 (M+). FT-IR (ATR)
u/cm: 2923, 2850, 1654, 1600, 1523, 1461, 1403, 1375, 1249, 1211, 933, 725, 678, 663.

Synthesis of dipyrromethane !

At room temperature to a solution of pyrrole (100 eq, 7.2 mol, 482 mL, previously
filtered by neutral aluminum oxide) was added paraformaldehyde (1 eq, 71.7 mmol,

2.16 g), and indium trichloride (InCls, 0.1 eq, 7.2 mmol, 1.59 g), the mixture was stirred

150 minutes at 55°C, then was cooled to room temperature. Before was added sodium
hydroxide (NaOH, 3 eq, 215.1 mmol, 8.60 g) and stirred by night. The crude was filtered and
reduced the excess of pyrrole by distillation. The product was purified by cromatography column
(silica gel, hexane:CHCIs, 9:1), the compound was obtained as white solid (0.04 mol, 7.10 g,
72% vyield). *H-NMR (400 MHz, CDCIz) d/ppm: 7.59 (s, 2H), 6.61 (d, 2H), 6.21 (d, 2H), 6.09 (s,
2H).

Synthesis of 5,15-dimesitylporphyrin 92

In completely anaerobic conditions, a solution of the
corresponding dipyrromethane (2 eq, 14.4 mmol, 2.10 g) and Q Q
2,4,6-trimethylbenzaldehyde (2 eq, 14.4 mmol, 2.1 mL) in 1.40 L
of CHCIs (97 mL/mmol) was treated with boron trifluoride diethyl etherate (BFsO(CsH10), 3.3mM,

4.7 mmol, 0.6 mL). The mixture was stirred for 3 h. Before 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ, 3 eq, 21.5 mmol, 4.9 g) was added and the reaction mixture and was
stirred for 1 h. Then 2 mL of EtsN, was added and stirred during 30 min. The solvent was
removed by rotary evaporation and the solid was purified by column chromatography (silica gel,
hexane:CHCls, 1:1). 5,15-Dimesitylporphyrin was obtained as a purple solid (2.56 mmol, 1400
mg, 35% yield). *H-NMR (400 MHz, CDCls) &/ppm: 10.25 (s, 2H), 9.35 (d, 4H, J = 4.5 Hz), 8.91
(d, 4H, J = 4.5 Hz), 7.35 (s, 4H), 2.69 (s, 6H), 1.87 (s, 12H), -3.04 (s, 2H). 13C-NMR (100 MHz,
CDClz) &/ppm: 146.77, 145.37, 139.49, 137.85, 137.63, 131.80, 130.00, 127.85, 117.29,
104.57, 21.72, 21.52. MALDI-TOF MS (m/z): calculated for CssH3aN4: 546.09; found: 546.28
(M+). FT-IR (ATR) u/cm™: 3305, 1828, 1604, 1411, 1373, 1319, 1234, 1052, 950, 852, 782,
736, 694, 617.

Synthesis of [5,15-dimesitylporphyrinato] zinc (I1)%?

To a solution of 5,15-dimesitylporphyrin (1 eq, 2.5 mmol,
1.35 g) in 209 mL of CHCIs, was added a solution of Q Q
Zn(OAC)2:2H20 (5eq, 12.5 mmol, 2.26 g) in 6.2 mL of MeOH.

The mixture was stirred 18 hours. The reaction was quenched with water and extracted with

CHCIs (3 x 100 mL). The combined organic extract was dried over anhydrous MgSO4 and
filtered. The solvent was removed by rotary evaporation. The product was purified by column

chromatography (silica gel, hexane:CHCIs, 1:1). The product [5,15-dimesitylporphyrinato] zinc
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(1), was obtained as a purple solid (2.47 mmol, 1510 mg, 99% yield). H-NMR (400 MHz,
CDCIs) d/ppm: 10.27 (s, 2H), 9.41 (d, 4H, J = 4.4 Hz), 9.00 (d, 4H, J = 4.4 Hz), 7.35 (s, 4H),
2.69 (s, 6H), 1.85 (s, 12H). B3C-NMR (100 MHz, CDCls) d/ppm: 149.83, 149.41, 139.32, 138.78,
135.70, 132.11, 131.26, 127.68, 118.23, 105.50, 21.66, 21.49. MALDI-TOF MS (m/z):
calculated for CssHsz2N4Zn: 608.57; found: 608.19 (M+). FT-IR (ATR) u/cm1; 1816, 1608, 1438,
1388, 1318, 1211, 1052, 856, 786, 728, 701, 617.

Synthesis of [5,15-dibromo-10,20-dimesitylporphyrinato] zinc (Il)

To a solution of [5,15-dimesitylporphyrinato] zinc (II) (1 Br
eq, 15 mmol, 920 mg) in 80 mL of CHCI3, N-
bromosuccinimide (NBS) (2 eq, 3.0 mmol, 536 mg) and 1 mL Q Q

of pyridine were added. The mixture was stirred 30 minutes

Br

and quenched with acetone. The solvent was removed by
rotary evaporation and the solid was purified by column chromatography (silica gel,
hexane:CHCIz, 7:3). The product [5,15-dibromo-10,20-dimesitylporphinato] zinc (ll) was
obtained as a purple solid (1.45 mmol, 1117 mg, 98% yield). *H-NMR (400 MHz, CDCls) &/ppm:
9.59 (d, 4H, J = 4.6 Hz), 8.71 (d, 4H, J = 4.6 Hz), 7.80 (s, 4H), 2.65 (s, 6H), 1.80 (s, 12H). 13C-
NMR (100 MHz, CDCIs) d/ppm: 150.48, 149.93, 139.10, 138.84, 137.55, 133.33, 131.96,
127.66, 122.33, 120.12, 104.09, 55.43, 21.64, 21.45. MALDI-TOF MS (m/z): calculated for
CagHz0Br2NszZn: 766.73; found: 766.01 (M+). FT-IR (ATR) u/cm: 1808, 1604, 1423, 1373, 1315,
1203, 1072, 995, 860, 786, 740, 694, 628, 609.

Synthesis of [5,15-bis-(trimethylsilyl)ethynyl)-10,20-dimesitylporphyrinato] zinc (ll)
(P1)

In a schlenk tube under an argon (Ar) atmosphere, a solution SiMes
of [5,15-dibromo-10,20-dimesitylporphyrinato] zinc (I1) (1 eq, 1.4 l
mmol, 1.10 g) in 62 mL of THF and 3 mL of EtsN was added
over a mixture of Pd(PPhs)2Cl2 (0.1 eq, 0.1 mmol, 54 mg) and O Q
Cul (0.05 e, 007 mmol, 13 mg). Afterwards,
trimehylsilylacethylene (5.4 mmol, 0.8 mL) was added. The Il

mixture was stirred 18 h. The solvent was removed by rotary SiMes

evaporation and the solid was purified by column chromatography (silica gel, hexane:CHCls,
7:3) and recrystallized from CH2Cl2/MeOH. P1 was obtained as a purple solid (1.35 mmol, 1.07
g, 97% yield). *H-NMR (400 MHz, CDCls) &/ppm: 9.68 (d, 4H, J = 4.6 Hz), 8.79 (d, 4H, J = 4.6
Hz), 7.33 (s, 4H), 2.68 (s, 6H), 1.86 (s, 12H), 0.62 (s, 18H). **C-NMR (100 MHz, CDClz) &/ppm:
152.09, 149.94, 139.04, 138.35, 137.64, 131.87, 131.67, 131.45, 127.72, 120.91, 107.36,
101.49, 100.63, 21.51, 21.48, 0.34. MALDI-TOF MS (m/z): calculated for CagHagN4Si2Zn:
800.58; found: 800.27 (M+). FT-IR (ATR) u/cm: 2136, 1808, 1604, 1438, 1380, 1334, 1203,
1072, 995, 860, 786, 736, 694, 617.
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Synthesis of [5,15-bis-(ethynyl)-10,20-dimesitylporphyrinato] zinc (ll) (P1S]

To a solution of P1 (0.7 mmol, 550 mg) in 150 mL of CH2Clz, H
was added TBAF 1 M in THF (1.65 mmol, 1.65 mL). The solution It
was stirred at room temperature for 2 h and treated with CaClz
(8.2 mmol, 912 mg). The reaction was hydrolyzed with water and O Q
extracted with CHCIz (3 x 150 mL). The combined organic extract

was dried over anhydrous MgSO4 and filtered; finally, the solvent ll

was removed by rotary evaporation. The deprotected product H

was quantitatively obtained and it was used in the next synthetic step without further

purification.

General Procedure for the Sonogashira coupling

Under completely anaerobic conditions, by cycles of vacuum and argon atmosphere, a
solution of the porphyrin (P1S, P2S, P3S, P4S) (1 eq), the corresponding connector (C1, C2,
C3, C4, C5) (3 eq) and freshly distilled EtsN (45 mL/mmol) in dryed and degasified THF (230
mL/mmol) was added over a mixture of Pdz(dba)s (0.6 eq) and AsPhs (3.8 eq). The reaction
mixture was refluxed for 18 h. The solvent was removed by rotary evaporation.

Synthesis of Al

Using the general procedure previously
described, [5,15-bis-(ethynyl)-10,20-
dimesitylporphyrinato] zinc (II) (0.34 mmol, 658 mg),
5-lodo-3,4-dihexyl-2-thiophencarboxaldehyde  (1.02
mmol, 417 mg), 15 mL of EtsN in 79 mL of THF were
allowed to react. The product was purified by column
chromatography (silica gel, hexane:CH2Cl2, 7:3)

followed by recrystallization from CH2Cl2:MeOH. Al
was obtained as a green solid (0.22 mmol, 337 mg, 81% yield). *H-NMR (400 MHz, CDClIs)
S/ppm: 9.49 (d, 4H, J = 4.4 Hz), 9.16 (s, 2H), 8.75 (d, 4H, J = 4.4 Hz), 7.33 (s, 4H), 2.99 (t, 4H, J
= 7.6 Hz), 2.80 (t, 4H, J = 7.6 Hz), 2.69 (s, 6H), 1.89 (s, 12H), 1.60 (t, 4H, J = 7.2 Hz), 1.54 (t,
4H, J = 7.2 Hz), 1.43-1.22 (m, 24H), 0.93 (t, 6H, J = 6.4 Hz), 0.77 (t, 6H, J = 7.0 Hz). 13C-NMR
(100 MHz, CDCls) &/ppm: 207.23, 181.21, 151.69, 151.66, 150.08, 148.21, 139.99, 138.11,
137.87, 137.32, 131.89, 131.18, 129.36, 127.83, 122.00, 103.12, 100.09, 89.53, 32.32, 31.76,
31.58, 30.91, 30.88, 29.67, 29.41, 28.66, 27.46, 22.65, 22.62, 21.59, 21.51, 14.12, 14.01.
MALDI-TOF MS (m/z): calculated for C76HsaN4O2S2Zn: 1212.53; found: 1212.53 (M+). FT-IR
(ATR) u/cm-; 2919, 2854, 2175, 2053, 1650, 1612, 1489, 1438, 1403, 1330, 1284, 1207, 1150,
995, 937, 848, 790, 709.
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Synthesis of A2

Using the general procedure
previously described, [5,15-bis-
(ethynyl)-10,20-
dimesitylporphyrinato] zinc (ll)
(0.34 mmol, 658 mg), (E)-1-(5-
Formyl-3,4-dihexyl-2-thienyl)-2-
(5-iodo-3’,4’-dihexyl-2’-
thienyl)ethylene (1.02 mmol, 702
mg), 15 mL of EtsN in 79 mL of THF. A2 was obtained as a green solid (0.14 mmol, 246 mg,
71%). 'H-NMR (400 MHz, CDCI3) &/ppm: 9.56 (s, 1H), 9.55 (d, 4H, J = 4.6 Hz), 8.73 (d, 4H, J =
4.6 Hz), 7.32 (s, 4H), 7.32 (d, 2H, J = 15.5 Hz), 7.08 (d, 2H, J = 15.5 Hz), 3.05 (t, 4H, J = 7.9
Hz), 2.79 (t, 4H, J = 7.9 Hz), 2.75 (t, 4H, J = 8.3 Hz), 2.68 (s, 6H), 2.66 (t, 4H, J = 7.2 Hz), 1.91
(t, 4H, J = 7.2 HZ), 1.89 (s, 12H), 1.67-1.31 (m, 60H), 1.00-0.91 (m, 18H), 0.80 (t, 6H, J = 7.2
Hz). 3C-NMR (100 MHz, CDCI3) &/ppm: 181.73, 153.15, 151.59, 149.68, 148.48, 146.94,
142.74, 141.94, 139.03, 138.32, 137.67, 137.28, 134.58, 131.47, 131. 05, 127.71, 123.46,
121.51, 118.95, 118.91, 101.16, 100.84, 90.67, 32.25, 31.80, 31.66, 31.59, 31.54, 31.19, 30.94,
29.70, 29.45, 29.34, 29.26, 27.49, 27.11, 26.44, 22.66, 22.57, 21.53, 21.47, 14.17, 14.12.
MALDI-TOF MS (m/z): calculated for Ci12H140N4O2S4Zn: 1764.92; found (M+): 1765.07. FT-IR
(ATR) u/cm-1: 2919, 2854, 2175, 1646, 1592, 1500, 1454, 1388, 1338, 1292, 1207, 1095, 998,
929, 852, 790, 709.

General procedure for the Knoevenagel condensations with malonitrile

To a solution of A1-2 (1 eq) in 25 mL/mmol of CH2Cl2, malonitrile (3 eq) and 3 drops of EtsN
were added. The reaction mixture was stirred for 18 h and quenched by the addition of water
and extracted with CHClIs (3 x 150 mL). The combined organic extract was dried over anhydrous
MgSO. and filtered. The solvent was removed by rotary evaporation. The product was purified
by column chromatography (silica gel, hexane:CH2Cl2, 1:1) and recrystallized with CH2Clz:
MeOH.

Synthesis of SA1

Using the general procedure previously
described, A1 (0.08 mmol, 100 mg) in 2 mL
of CH2Cl2 were allowed to react with
malonitrile (0.25 mmol, 16 mg). SA1 was
obtained as a green solid (0.06 mmol, 87
mg, 81% yield). *H-NMR (400 MHz, CDCls)
O/ppm: 9.16 (s, 4H), 8.75 (d, 4H, J = 4.2
Hz), 7.89 (s, 2H), 7.37 (s, 4H), 3.84 (m, 4H),
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2.76 (m, 4H), 2.71 (s, 6H), 1.96 (s, 12H), 1.76 (m, 4H), 1.64-1.74 (m, 12H), 1.27-1.22 (m, 16H),
0.97 (m, 6H), 0.76 (t, 6H, J = 6.7 Hz). 13C-NMR (100 MHz, CDCIz) &/ppm: 154.35, 151.57,
150.32, 147.73, 147.40, 138.92, 138.06, 137.79, 132.25, 131.02, 130.78, 127.93, 122.76,
115.07, 113.87, 106.31, 99.53, 89.43, 75.19, 32.34, 31.71, 31.55, 31.46, 30.90, 30.71, 30.15,
29.73, 29.55, 29.14, 28.71, 22.61, 21.65, 21.54, 14.11, 13.98. MP: > 300°C. MALDI-TOF MS
(m/z): calculated for Cs2HgaNsS2Zn: 1308.53; found: 1308.56 (M+). FT-IR (ATR) u/cm™: 2923,
2854, 2225, 2154, 2053, 1612, 1489, 1465, 1403, 1330, 1288, 1249, 1203, 1083, 998, 937,
850, 790, 711.

Synthesis of SA2

Using the  general
procedure previously
described, A2 (0.2 mmol,
295 mg) in 3 mL of CH2Clz,
malonitrile (0.5 mmol, 33
mg). SA2 was obtained as a
green solid (0.06 mmol, 246
mg, 79% vyield). 'H-NMR
(400 MHz, CDCls) &/ppm: 9.46 (d, 4H, J = 4.4 Hz), 8.68 (d, 4H, J = 4.4 Hz), 7.69 (s, 2H), 7.28
(s, 4H), 7.21 (d, 2H, J = 15.6 Hz), 6.96 (d, 2H, J = 15.6 Hz), 2.96 (t, 4H, J = 7.7 Hz), 2.70 (t, 4H,
J =7.7 Hz), 2.62 (s, 6H), 2.57 (m, 8H), 1.85 (s, 12H), 1.60-1.54 (m, 8H), 1.49-1.26 (m, 56H),
0.94-0.56 (m, 18H), 0.73 (t, 6H, J = 7.0 Hz). 13C-NMR (100 MHz, CDCls) &/ppm: 155.91, 151.63,
149.76, 149.12, 148.83, 147.24, 144.08, 141.61, 139.00, 138.16, 137.78, 137.22, 131.61,
131.12, 128.29, 127.76, 125.39, 121.72, 120.07, 118.21, 115.59, 114.17, 101.40, 101.19,
90.76, 73.13, 32.17, 31.79, 31.60, 31.55, 31.49, 31.00, 29.73, 29.45, 29.31, 29.28, 27.82,
27.47, 26.81, 22.66, 22.63, 22.62, 22.56. MP: > 300°C. MALDI-TOF MS (m/z): [M]* calculated
for Ci1sH140NsS4Zn: 1860.94; found: 1861.94. FT-IR (ATR) u/cm: 2928, 2856, 2217, 2171,
1552, 1500, 1457, 1399, 1336, 1288, 1209, 1091, 998, 929, 854, 794, 711.

1.12.3 Experimental details in the synthesis of SA3 and SA4

General procedure for the knoevenagel condensations with 3-ethyl rhodanine

To a solution of A1-2 (1 eq) in 75 mL/mmol of CHCls. 3-ethylrhodanine (10 eq) and 3 drops
of piperidine were added. The reaction mixture was refluxed and stirred for 12 h and quenched
by the addition of water and extracted with CHCIz (3 x 150 mL). The combined organic extract
was dried over anhydrous MgSO4 and filtered. The solvent was removed by rotary evaporation.
The product was purified by column chromatography (silica gel, CHCls) and recrystallized with
CH2Cl2: MeOH.
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Synthesis of SA3

Using the general procedure previously
described, A1 (0.06 mmol, 80 mg) in 5 mL of
CHCls, 3-ethylrhodanine (0.65 mmol, 110 mg).
SA3 was obtained as a green solid (0.05 mmol,
81 mg, 82% yield). *H-NMR (400 MHz, CDCls)
o/ppm: 9.57 (d, 4H, J = 4.8 Hz), 8.78 (d, 4H, J =
4.4 Hz), 8.00(s, 2H), 7.33(s, 4H), 4.22 (d,4H,
J=5.7 Hz), 3.11 (m, 4H), 2.88 (m, 4H), 2.67 (s,
6H), 1.88 (s, 12 H), 1.65 (m, 8H), 1.54-1.52 (m, 12H), 1.39-1.30 (m, 18), 0.95(m, 6H),0.81- 0.77
(m, 6H). 13C-NMR (100 MHz, CDCIs) &/ppm: 192.50, 167.65, 151.79, 150.20, 149.22, 148.40,
139.17, 138.02, 133.72, 132.08, 131.30, 128.00, 127.76, 123.64, 122.30, 120.72, 40.16, 32.04,
31.95, 31.79, 31.07, 29.91, 29.65, 29.44, 28.14, 22.84, 21.74, 21.67, 14.29, 14.19, 12.52. MP: >
300°C. MALDI-TOF MS (m/z): calculated for CssHaaNeSeO2Zn: 1498.51; found: 1498.75 (M+).
FT-IR (ATR) u/cm1: 2924, 2855, 1700, 1677, 1565, 1500, 1400, 1322, 1234, 1203, 1130, 998,
883, 794, 709.

Synthesis of SA4

Using the general
procedure previously
described, A2 (0.04 mmol,
80 mg) in 4 mL of CHCIs,
3-ethylrhodanine (0.45
mmol, 72 mg). SA4 was
obtained as a green solid
(0.05 mmol, 42 mg, 45%
yield). H-NMR (400 MHz, CDCls) d/ppm: 9.58 (d, 4H, J = 4.1Hz), 8.74 (d, 4H, J = 3.45 Hz),
7.95 (s, 2H), 7.36 (d, 2H), 7.32 (s, 4H), 7.18 (d, 2H, J = 15.4 Hz), 4.22(d, 4H, J=6.76 Hz), 3.35,
(m, 2H), 3.08 (t,4H, J=6.8Hz), 2.82-2.67(s,14H), 2.18 (s,12H), 1.95-1.85 (m,14H), 1.67(t,4H, J =
5.79 Hz), 1.55 (s,12H), 1.43-1.26 (m,30H), 0.97-0.80 (m, 18H), 0.08 (t, 18H, J = 4.3 Hz). 13C-
NMR (100 MHz, CDClz) &/ppm: 192.74, 167.79, 151.93, 151.04, 149.99, 149.05, 145.70,
142.89, 142.70, 139.33, 138.13, 137.86, 131.82, 131.43, 130.99, 128.05, 121.88, 119.38,
101.65, 101.14, 40.22, 32.12, 31.95, 31.91, 31.87, 31.75, 31.50, 31.25, 30.05, 29.70, 29.61,
27.72, 22.97, 22.90, 21.82, 14.52, 14.49, 14.38, 14.33, 12.63. MP > 300°C. MALDI-TOF MS
(m/z): calculated for Ci22H150NsO2SsZn: 2050.89; found: 2051.69 (M+). FT-IR (ATR) u/cm-:
2958, 2919, 2850, 1700, 1565, 1496, 1457, 1434, 1392,1322, 1261,1230, 1130, 1091, 998,
925, 883, 794, 736.
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1.12.4 Experimental details in the synthesis of SA5-SA6
Synthesis of 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b"ldithiophene-2-carbaldehyde

Following the Vilsmeier formilation procedure, at room temperature to a solution of 4,4-
dihexyl-4H-cyclopenta[2,1-b:3,4-b[dithiophene (1.44 mmol, 500 mg) in 18
mL of 1,2 DCE was added DMF (2.59 mmol, 0.19 mL), then was added \ —cHo
drop to drop of POCIs, (2.59 mmol, 0.24 mL). The product was purified by

column chromatography (silica gel, hexane:CHCIsz, 1:1). The compound
was obtained as a yellow oil (450 mg, 1.20 mmol, 83% yield). 'H-NMR (400 MHz, CDClz)
O/ppm: 9.84 (s,1H), 7.59 (s, 1H), 7.40 (d, 1H, J = 4.86 Hz), 6.99 (d,2H, J = 4.86 Hz), 1.86
(m,4H), 1.28, (m, 2H), 1.73 (m, 10H), 0.93(m, 4H), 0.81 (m, 6H).

Synthesis of 4,4-dihexyl-6-iodo-4H-cyclopental2,1-b:3,4-b]dithiophene-2-
carbaldehyde

Using the general procedure previously described to iodation, 4,4-
| CHO
dihexyl-4H-cyclopenta[2,1-b:3,4-b"Jdithiophene-2-carbaldehyde, (1.2 \ J
mmol, 450 mg) was reacted with Phl(OCOCF3)2 (0.65 mmol, 280 mg) and

I2 (0.59 mmol, 152 mg) in 1.5 mL of CCls. The product was purified by

column chromatography (silica gel, hexane:CHCls, 7:3). C3 was obtained as yellow oil (450 mg,
1.11 mmol, 92% yield). *H-NMR (400 MHz, CDClz) &/ppm: 9.84 (s, 1H), 7.57 (s, 1H), 7.17 (s,
1H), 1.84 (m, 4H), 1.14, (m, 12H), 0.92 (m, 4H), 0.82 (m, 6H). 3C-NMR (100 MHz, CDCls)
O/ppm: 182.49, 161.02, 157.09, 146.70, 143.45, 135.85, 129.80, 124.88, 124.30, 116.79, 54.55,
37.40, 31.55, 29.17, 24.43, 22.49, 13.90.

Synthesis of A3

Using the general procedure of
sonogashira coupling previously
described, porphyrin 5,15-bis-(ethynyl)-
10,20-dimesitylporphinato zinc (II) (0.35
mmol, 230 mg), C3 (1.05 mmol, 525
mg), 15 mL of EtsN in 80 mL of THF was
added over a mixture of Pdz(dba)s (0.21 mmol, 192 mg) and AsPhs (1.4 mmol, 428mg). A3 was
obtained as green solid (0.28 mmol, 404 mg, 82%). *H-NMR (400 MHz, CDClz) &/ppm: 9.79
(s,2H), 9.64 (d, 4H, J = 4.5 Hz), 8.74(d, 4H, J = 4.5 Hz), 7.33 (s, 4H), 2.67 (m, 4H), 2.00 (t, 6H, J
= 7.9 Hz), 1.87 (m, 13H), 1.53 (m, 10H), 1.25-1.22 (m, 22H), 1.08 (M, 6H), 0.89-0.83 (m, 9H).
13C-NMR (100 MHz, CDCls) d/ppm: 182.75, 162.31, 159.36, 151.84, 150.11, 147.40, 144.01,
139.24, 138.45, 138.01, 137.44, 131.92, 131.42, 130.11, 128.39, 128.03, 126.35, 121.95,
100.76, 99.74, 91.13, 54.52, 38.00, 32.15, 31.84, 29.92, 29.89, 29.59, 24.87, 22.92, 22.86,
21.77, 21.72, 14.35, 14.27. MALDI-TOF MS (m/z): calculated for CssHssN4O2S4Zn: 1400.51;
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found: 1401.40 (M+). FT-IR (ATR) u/cm: 2931, 2915, 2850, 2811, 2140, 2059, 1650, 1500,
1423, 1396, 1334, 1288, 1226, 1149, 1130, 1076, 998, 852, 802, 713.

Synthesis of SA5

Using the general procedure to

knoveanaguel condensation with  3-
ethylrhodanine previously described, A3
(0.10 mmol, 150 mg) in 5 mL of CHCIs
were allowed to react with 3 ethyl-
rhodanine (1.06 mmol, 172.32 mg). SA5
was obtained as a green solid (137 mg,
0.09 mmol, 91% yield). *H-NMR (400 MHz, THFds) &/ppm: 9.57 (d, 4H, J = 4.4 Hz), 8.65 (d, 4H,
J = 4.4 Hz), 8.01 (s, 2H), 7.76 (s, 2H), 7.59 (s, 2H), 7.34 (s, 4H), 4.18 (m, 4H), 2.64 (m,6H), 2.51
(m, 9H), 2.09 (t, 6H, J = 7.67 Hz), 1.90 (m, 12H), 1.28-1.23 (m, 28H), 1.11 (m, 6H), 0.83 (m,
9H). 13C-NMR (100 MHz, CDCls) &/ppm: 192.53, 167.68, 162.02, 161.64, 152.55, 150.76,
146.62, 140.86, 140.02, 139.86, 138.81, 131.88, 129.48, 128.84, 127.40, 126.93, 122.34,
119.29, 101.07, 92.03, 55.42, 40.61, 38.88, 32.75, 30.82, 23.69, 22.05, 21.75, 14.55, 12.55.
MP: >300°C. MALDI-TOF MS (m/z): calculated for CesHosNeO2SsZn: 1686.48; found: 1687.05
(M+). FT-IR (ATR) u/cmt: 2931, 2854, 2368, 2321, 1700, 1577, 1504, 1488, 1415, 1373, 1315,
1234,1126, 1103, 998, 879, 829, 790, 732, 709

Synthesis of SA6

Using the general procedure to
knoevenaguel condensation with malonitrile
previously described, A3 (0.03mmol, 50 mg)
in 3 mL of CHCIsz, malonitrile (0.10 mmol, 7
mg). SA6 was obtained as a green solid (46
mg, 0.02 mmol, 88% yield). *H-NMR (400
MHz, CDCls) &/ppm: 9.65 (d, 4H, J = 4.5 Hz), 8.79(d, 4H, J = 4.5 Hz), 7.72 (s, 2H), 7.58 (s, 2H),
7.57 (s, 2H), 7.32 (s, 2H), 2.67 (m, 4H), 2.00 (t, 6H), 1.87 (m, 12H), 1.53 (m, 4H), 1.26-1.22 (m,
22H), 1.17-1.05 (m, 6H), 0.87-0.83 (m, 9H).13C-NMR (100 MHz, CDCls) &/ppm: 164.07, 160.09,
151.81, 150.90, 150.47, 150.19, 139.18, 138.29, 138.08, 136.84, 136.46, 132.08, 131.41,
130.83, 128.03, 126.29, 122.26, 115.12, 114.37, 101.37, 100.51, 91.14, 72.51, 54.67, 38.01,
31.78, 29.78, 24.85, 22.81, 21.73, 14.23. MP: > 300°C. MALDI-TOF MS (m/z): calculated for
Co2HgsNgSaZn: 1496.53; found: 1497.23 (M+). FT-IR (ATR) u/cm™: 2919, 2850, 2360, 1727,
1562, 1,457, 1407, 1380, 1276, 1130, 1079, 968, 890, 794, 740, 717, 709.
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1.12.5 Experimental details in the synthesis of SA7-10

1,3-dihexyloxybenzene

A mixture of resorcinol (1 eq, 10 g, 0.9 mol), 1-bromohexane (0.36 mol, @\
51 mLI) and K2COs (0.36 mol, 50 g) was refluxed for 4 days in dry THF (490 [L&© Oty

mL). The solvent was removed under reduced pressure and extracted with ethyl acetate

(EtOAc, 3 x 100 mL). The combined extracts were washed with water and dried over anhydrous
MgSOa. After removal of solvent under reduced pressure, the product was purified by column
chromatography eluting with hexane to give 1,3-di(hexyloxy)benzene (0.89 mol, 25.2 g, 99%
yield). 'H-NMR (CDCls, 400 MHz) &/ppm: 7.16 (t, J = 8.3 Hz, 1H), 6.47 (m, 3H), 3.94 (t, J = 6.6
Hz, 4H), 1.77 (m, 4H), 1.45 (m, 4H), 1.34-1.36 (m, 8H), 0.91 (t, J = 6.6 Hz, 6H).

2,6-dihexyloxybenzaldehyde

To a stirred solution of 1,3-dihexyloxybenzene (22.66 mmol, 6.31 g) in @\
dry THF (35 mL) at 0 °C, was added tetramethylethylenediamine (TMEDA) |*"° o Ot

(25.60 mmol, 3.83 mL), the solution was desgassed with argon and dropwise n-BuLi (27.19

mmol, 10.9 mL, 1.5 M in hexanes). The mixture was stirred at 0 °C for 30 min and then DMF
(33.9 mmol, 2.63 mL) was added. After 1 h, the mixture was poured into a hydrochloric acid
solution. The THF phase was separated and the water phase was extracted with ether (3 x 30
mL). The combined organic phase was dried over anhydride Mg2SOa4. The product was purified
by column chromatography with silica gel and hexane:CHCIz,6:4. The product was obtained as
colorless oil; yield, (16.08 mmol, 4.48 g, 71% yield). *H-NMR (CDCI3, 400 MHz) &/ppm: 10.54
(s, 1H), 7.38 (t, J = 8.0 Hz, 1H), 6.53 (d, 2H), 4.03 (t, 4H), 1.83 (m, 4H), 1.47-1.34 (m, 12H),
0.90 (t, 6H).

5-(2,6-dihexyloxybenzyl) dypirromethane

At room temperature a solution of 2,6-dihexyloxybenzaldehyde (1 eq,
5.92 mmol, 1.65 g) in pyrrole (25 eq 148 mmol, 10.28 mL, with previously

filtered with neutral aluminum oxide) was stirred 15 minutes, then was

added trifluoroacetic acid (TFA, 0.1 eq, 0.59 mmol, 67 mg) and was stirred 15 minutes. The
reaction was quenched with a saturated solution of hydroxide sodium (NaOH, sat.), extracted
with EtOAc (3 x 50 mL). The combined organic phases were dried over anhydrous MgSO4 and
fitered. The solvent was removed under reduced pressure. The crude was purified by
chromatography column (silica gel, hexane:CHClIs, 1:1). The final product was oil (48 mmol 20
g, 65% vyield). 'TH-NMR (400 MHz, CDClz) &/ppm: 8.57 (s, 2H), 7.13 (t, J = 8.2 Hz, 1H), 6.62 (d,
2H), 6.57 (d, 2H, J = 8.1 Hz), 6.0 (d, 2H), 5.89 (d ,2H), 3.88 (t, 4H), 1.29-127 (m, 10H), 0.92-
0.89 (m, 12H).
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Synthesis of 5,15-bis-(trimethylsilyl)ethynyl)-10,20-(2,6-dihexyloxybenzyl)lporphyryn
(1

In Ar atmosphere, was added 3-(trimethylsilyl)-2-propynal (2
eq, 7.57 mmol, 112 mL) to a soluton of 5-(2,6-
dihexyloxybenzyl)dypirromethane (2 eq, 3.26 g, 7.5 mmol) in 757
mL of chloroform (CHCIs, 100 mL/mmol) and BF3O(C2Hs)2 (3.3mM,
2.49 mmol, 0.31 mL). The solution was stirred at room temperature
for 60 minutes before adding DDQ (1.5 eq, 4.96 mmol, 1.13 g). The
solution was stirred at room temperature for 1 hour before quenching with 1 mL of EtsN. After 30

min the solvent was removed under reduced pressure. The crude was purified by
chromatography column (silica gel, hexane:CHClIs, 1:1.). The final product was a green-purple
solid (0.72 mmol, 774 mg, 19% yield). ). *H-NMR (400 MHz, CDCI3) &/ppm: 9.52 (d, 4H, J = 4.6
Hz), 8.78 (d, 4H, J = 4.6 Hz), 7.71 (t, 2H, J = 8.4 Hz), 7.00 (d, 4H, J = 8.5 Hz), 3.85 (t, 8H, J =
6.2 Hz), 1.50 (m, 2H), 1.31-1.28 (m, 6H), 0.97 (m, 9H), 0.63-0.56 (m, 30H), 0.45 (m, 6H),
0.30(m, 9H), -2.07 (s, 2H).

Synthesis of [5,15-bis-(trimethylsilyl)ethynyl)-10,20-(2,6-
dihexyloxybenzyl)iporphyrinato] zinc () (P2)

At room temperature Zn(OAc)2-2H20 (5 eq, 3.39 mmol, 623
mg) was added to a solution of 5,15-bis-(trimethylsilyl)ethynyl)-
10,20-(2,6-dihexyloxybenzyl)iporphyryn (II) (1 eq, 0.68 mmol, 717
mgq) in 58 mL of CHCI3 (85 mL/mmol), and 1.69 mL of methanol (2.5

mL/mmol). The solution was stirred at room temperature all night.

The organic phase was extracted with chloroform (CHCls, 3 x
25mL). The resultant organic phase was dried with anhydrous magnesium sulfate (MgSO4) and
fitered. The solvent was removed under reduced pressure. The crude was purified by
chromatography column (silica gel, hexane:CHClIs, 1:1). The final product was a green-purple
solid (0.67 mmol, 691 mg, 99.1 % vyield). 'H-NMR (400 MHz, CDCls) &/ppm: 9.64 (d, 4H, J = 4.6
Hz), 8.89 (d, 4H, J = 4.6 Hz), 7.71 (t, 2H, J = 8.4 Hz), 7.01 (d, 4H, J = 8.4 Hz), 3.86 (t, 8H, J =
6.3 Hz), 1.37 (m, 2H), 1.32 (m, 2H) 1.29 (m, 2H), 0.97 (m, 9H, J = 7.29 Hz), 0.65-0.54 (m, 32H),
0.39 (m, 6H), 0.29 (m, 9H).

Synthesis of [5,15-bis-(ethynyl)-10,20-(2,6-dihexyloxybenzyl)lporphyrinato] zinc (Il)
(P2S)

To a solution of P2 (1 eq, 0.3 mmol, 337 mg) in 66 mL of CHCI3
(220 mL/mmol), was added TBAF 1 M in THF (2.42 eq, 0.73 mmol,
0.73 mL). The solution was stirred at room temperature for 2 h and
treated with CaClz (12 eq, 3.60 mmol, 399 mg). The reaction was
hydrolyzed with water and extracted with CHCIz (3 x 150 mL). The
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combined organic extract was dried over anhydrous MgSOa4 and filtered; finally, the solvent was
removed by rotary evaporation. The deprotected product was quantitatively obtained and it was

used in the next synthetic step without further purification.

Synthesis of A4

Using the general procedure for
sonogashira coupling previously described, with
a moaodification in C2 equivalents, P2S (0.25
mmol, 243 mg), C2 (2 eq, 0.5 mmol, 341 mg) in
11 mL of EtsN in 58 mL of THF. A4 was

obtained as a green solid (0.13 mmol, 270 mg,

51%). *H-NMR (400 MHz, CDCls) 8/ppm: 9.94 (s, 2H), 9.60 (d, 4H, J = 4.5 Hz), 8.86 (d, 4H, J =
4.5 Hz), 7.71 (t, 2H, J = 8.49), 7.38 (d, 2H, J = 15.52), 7.12 (d, 2H, J = 15.52) 7.01 (d, 4H, J =
8.53 Hz), 3.87 (t, 8H, J = 6.14 Hz), 3.12 (t, 3H, J = 7.36 Hz), 2.88 (t, 3H, J = 7.32 Hz), 2.77 (1,
3H, J = 7.32 Hz), 2.69 (t, 3H, J = 7.32 Hz), 1.97 (m, 4H), 1.71-1.55 (m, 16H), 1.48-1.34 (m,
52H), 1.01-0.84 (m, 36H), 0.53 (m, 14H), 0.41 (m, 6H), 0.24 (m, 8H). *C-NMR (100 MHz,
CDClz) &/ppm: 181.91, 159.89, 153.09, 151.35, 150.52, 148.09, 146.97, 142.80, 141.93,
136.93, 134.79, 132.01, 130.33, 129.94, 123.58, 120.68, 119.55, 118.78, 115.88, 105.21,
101.46, 100.53, 89.78, 68.65, 32.32, 31.89, 31.71, 31.63, 31.58, 31.24, 31.04, 30.79, 29.80,
29.49, 29.39, 28.59, 27.56, 27.20, 26.52, 24.88, 22.75, 22.68, 22.60, 22.01, 14.19, 14.15,
14.11, 14.10, 13.50. MALDI-TOF MS (m/z): calculated for Ci30H176N4OeS4Zn: 2081.18; found:
2082.29 (M+). FT-IR (ATR) u/cm™: 2952, 2925, 2854, 2335, 2171, 1652, 1616, 1589, 1502,
1454, 1400, 1375, 1340, 1292, 1247, 1220, 1205, 1122, 1097, 1060, 997, 931, 823, 792, 765,
744,723, 709.

Synthesis of SA7

Using the general procedure for
Knoevenagel with 3 ethylrhodanine
previously described, A4 (0.05 mmol,
110 mg) in 4 mL of CHCls 3-
ethylrhodanine (0.53 mmol, 85 mg). SA7
was obtained as a green solid (69 mg,
0.03 mmol, 59% vyield). *H-NMR (400 MHz, CDClIz) &/ppm: 9.60 (d, 4H, J = 3.6 Hz), 8.86 (d, 4H,
J =3.6 Hz), 7.96 (s, 2H), 7.72 (t, 2H, J = 8.40), 7.31 (d, 2H, J =15.52), 7.17 (d, 2H, J =15.52),
7.02 (d, 4H, J = 8.08 Hz), 4.25 (d, 4H, J = 6.6 Hz), 3.87 (t, 8H, J = 6.21 Hz), 3.14 (m, 4H), 2.83-
2.72 (m, 14H), 1.99 (m, 6H), 1.70-1.33, (m, 58H), 0.97-0.83 (m, 32H), 0.53-0.41 (m, 25H), 0.24
(m, 8H). B3C-NMR (100 MHz, CDCls) 6/ppm: 192.68, 167.72, 160.05, 151.53, 150.98, 150.69,
148.44, 145.76, 142.84, 142.48, 137.56, 132.20, 130.78, 130.52, 130.12, 124.11, 122.69,
120.80, 119.17, 118.98, 116.10, 105.37, 101.74, 100.78, 90.12, 68.82, 40.12, 32.07, 31.97,
31.87, 31.80, 31.77, 31.68, 31.39, 31.24, 30.96, 30.01, 29.63, 29.51, 28.76, 27.87, 27.64,
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27.32, 25.06, 22.94, 22.87, 22.80, 22.19, 14.42, 14.38, 14.30, 14.28, 13.67, 12.53. MP: >300°C.
MALDI-TOF MS (m/z): calculated for C141H1ssNsOsSsZn: 2367.15; found: (M+) 2367.14. FT-IR
(ATR) u/cm: 2951, 2923, 2856, 2331, 2173, 1702, 1567, 1504, 1456, 1392, 1324, 1234, 1205,
1130, 1095, 997, 923, 879, 827,792, 765, 721

Synthesis of SA8

Using the general procedure to
Knoevenaguel previously described,
A4 (0.05 mmol,110 mg) in 2 mL of
CHCIs were allowed to react with
malonitrile (0.15 mmol, 9.9 mg). SA7
was obtained as a green solid (80 mg,
0.03 mmol, 73% yield). tH-NMR (400 MHz, CDClIz) &/ppm: 9.60 (d, 4H, J = 4.6 Hz), 8.87 (d, 4H,
J=4.6 Hz), 7.80 (s, 2H), 7.72 (t, 2H, J = 8.40), 7.42 (d, 2H, J =15.52), 7.15 (d, 2H, J =15.52)
7.02 (d, 4H, J = 8.53 Hz), 3.87 (t, 8H, J = 6.28 Hz), 3.13 (t, 3H), 2.82-2.71 (m, 9H), 2.05-1.98
(m, 6H), 1.68-1.26 (m, 68H), 0.96-0.86 (m, 32H), 0.53-0.41 (m, 22H), 0.24 (m, 8H). 13C-NMR
(100 MHz, CDCls) o/ppm: 159.89, 155.97, 151.38, 150.61, 149.38, 148.39, 147.27, 144.22,
141.57, 136.86, 132.13, 130.34, 130.01, 128.28, 125.63, 120.77, 120.58, 118.03, 116.10,
115.68, 114.27, 105.22, 102.19, 100.45, 89.82, 73.09, 68.66, 31.89, 31.66, 31.61, 31.55, 31.04,
30.80, 29.49, 29.377, 28.61, 24.90, 22.76, 22.60, 22.02, 14.19, 14.12, 14.08, 13.40. MP:
>300°C. MALDI-TOF MS (m/z): calculated for Ci3sH176NsO4SaZn: 2177.20; found: (M+) 2177.19.
FT-IR (ATR) u/cm-: 2951, 2923, 2856, 2217, 2167, 1589, 1556, 1506, 1456, 1340, 1288, 1247,
1207, 1093, 998, 927, 827, 792, 721, 711.

Synthesis of A5

Using the general procedure to

Sonogashira coupling previously
described, with a modification in C2 eq,
P2S (0.30 mmol, 293 mg), C3 (2 eq, 0.6
mmol, 330 mg) in 13 mL of EtsN in 69 mL
of THF. A5 was obtained as a green solid
(0.13 mmol, 227 mg, 44%). *H-NMR (400 MHz, CDClIs) d/ppm: 9.85 (s, 2H), 9.61 (d, 4H, J = 4.5
Hz), 8.89 (d, 4H, J = 4.5 Hz), 7.72 (t, 2H, J = 8.6), 7.64 (s, 2H), 7.55 (s, 2H), 7.02 (d, 4H, J =
8.34 Hz), 3.88 (t, 8H, J = 6.28 Hz), 2.0 (t, 6H, J = 8.24 Hz), 1.49 (m, 9H), 1.23 (m, 25H), 1.09
(m, 6H), 0.99 (m, 6H), 0.87-0.84 (m, 14H), 0.55 (m, 15H), 0.42 (m, 6H), 0.30-0.26 (m, 9H).1*C-
NMR (100 MHz, CDCIs) d/ppm: 182.64, 162.11, 159.86, 159.05, 151.31, 150.70, 147.30,
143.81, 136.90, 132.25, 130.38, 130.05, 129.91, 128.69, 125.83, 120.48, 116.12, 105.20,
100.10, 99.81, 90.09, 68.61, 54.32, 53.44, 37.85, 31.64, 30.81, 29.69, 28.60, 24.91, 24.67,
22.66, 22.05, 14.06, 13.53. MALDI-TOF MS (m/z): calculated for Ci104H12aN4Q6SsaZn: 1716.77;
found: (M+) 1709.5. FT-IR (ATR) u/cm-: 3725, 3620, 2950, 2927, 2856, 2370, 2354, 2171,
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1656, 1618, 1585, 1498, 1454, 1419, 1394, 1336, 1322, 1305, 1278, 1245, 1224, 1203, 1128,
1097, 1062, 997, 929, 836, 792, 769, 711.

Synthesis of SA9

Using the general procedure previously
described, A5 (0.04 mmol, 80 mg) in 4 mL of
CHCIs, 3-ethylrhodanine (0.46 mmol, 74 mg).
SA9 was obtained as a green solid (41 mg,
0.02 mmol, 45% yield). *H-NMR (400 MHz,
CDClz) d/ppm: 9.59 (d, 4H, J = 4.5 Hz), 8.89
(d, 4H,J=4.5Hz), 7.73 (t, 2H, J = 8.4), 7.61 (s, 2H), 7.55 (s, 2H), 7.41 (s, 2H), 7.03 (d, 4H, J =
8.4 Hz), 3.88 (t, 8H, J = 6.28 Hz), 2.01 (m, 8H), 1.45 (m, 4H), 1.23 (m, 27H), 1.07-0.84 (m,
21H), 0.85(m, 14H), 0.57 (m, 14H), 0.56 (m, 18H), 0.42 (m, 6H), 0.31 (m, 9H).13C-NMR (100
MHz, CDCIs) &/ppm: 200.90, 191.52, 173.69, 167.04, 161.02, 160.49, 159.85, 151.28, 150.64,
146.15, 139.02, 137.26, 132.20, 130.33, 130.03, 128.82, 128.57, 128.32, 128.15, 127.85,
126.41, 125.74, 120.57, 117.64, 116.12, 105.21, 100.55, 99.85, 90.49, 68.59, 54.39, 39.89,
39.74, 37.94, 35.40, 31.64, 30.82, 29.68, 28.59, 24.89, 24.62, 22.66, 22.08, 14.07, 13.56,
12.16, 12.02. MP: >300°C. MALDI-TOF MS (m/z): calculated for C114H13aNeOsSeZn: 2002.74;
found: (M+) 2002.73. FT-IR (ATR) u/cm™: 2952, 2927, 2854, 2323, 2169, 1729, 1697, 1573,
1504, 1486, 1454, 1415, 1375, 1346, 1321, 1278, 1238, 1126, 1101, 997, 883, 791, 765, 721,
709.

Synthesis of SA10

Using the general Knoevenaguel
procedure previously described, A5 (0.04
mmol, 80 mg) in 2 mL of CHCIz were allowed
to react with malonitrile (0.13 mmol, 9.2 mg).
SA10 was obtained as a green solid (49 mg,
0.02 mmol, 59% yield). *H-NMR (400 MHz,
CDCls) &/ppm: 9.60 (d, 4H, J = 4.1 Hz), 8.87 (d, 4H, J = 4.1 Hz), 7.80 (s, 2H), 7.72 (t, 2H, J =
7.6), 7.42 (s, 2H), 7.16 (s, 2H), 7.02 (d, 4H, J = 8.25 Hz), 3.88 (m, 8H), 3.13 (m, 3H), 2.81-2.71
(m, 9H), 1.98 (m, 4H), 1.48-1.36 (m, 32H), 0.98-0.86 (m, 24H), 0.52-0.40 (m, 14H), 0.25 (m,
9H).13C-NMR (100 MHz, CDCIs) &/ppm: 165.45, 159.86, 155.96, 151.36, 150.59, 149.37,
148.40, 141.56, 134.14, 133.70, 132.11, 131.02, 130.27, 130.00, 129.74, 128.26, 105.18,
68.63, 63.03, 32.20, 31.95, 31.87, 31.65, 31.59, 31.02, 30.78, 29.81, 29.72, 29.49, 29.36,
28.58, 24.89, 22.75, 22.72, 22.64, 22.59, 22.01, 14.15, 14.12, 14.08, 13.40. MP: >300°C.
MALDI-TOF MS (m/z): calculated for Ci10H12aNsO4S4Zn: 1812.79; found: (M+)1812.80. FT-IR
(ATR) u/cm-t; 2956, 2919, 2850, 2356, 2316, 2217, 2165, 1577, 1562, 1486, 1454, 1405, 1317,
1274, 1247, 1197, 1130, 1090, 1062, 997, 927, 794, 769, 721, 709.
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1.12.6 Experimental details in the synthesis of SA11 and SA12

Synthesis of 5-hexylthiophene-2-carbaldehyde

Following the Vilsmeier formilation procedure DMF (21.4 mmol, 1.6 mL) was
added to a solution of 2-hexylthiophene (11.9 mmol, 2.00 g) in 35 mL of 1,2-DCE
(3 mL/mmol), previously dried with anhydrous magnesium sulfate (MgSQa). Then POCIs, (19.0

T3
CgH13 CHO

S

mmol, 1.75 mL) was added dropwise. The crude was purified by chromatography column (silica
gel, hexane:CHClIz, 7:3). The final product was yellow oil (11.1 mmol, 2.2 g, 94% yield). 'H-NMR
(400 MHz, CDClz) &/ppm: 9.81 (s, 1H), 7.61 (d, 1H, J = 3.73 Hz), 6.9 (d, 1H, J = 3.73 Hz), 2.87
(t, 2H, J = 7.72 Hz), 1.74-1.67 (m, 2H), 1.43-1.25 (m, 6H), 0.89 (t, 3H, J = 6.5 Hz). FT-IR (ATR)
u/cm-1: 2930, 2850, 1670, 1460, 1220, 1040, 806, 760, 725, 671, 648.

Synthesis of 2,2’-((5-hexylthiophen-2-yl)methylene)bis(1H-pyrrole)

At room temperature under argon atmosphere, 0.08 mL of TFA (7.71 [cos

pL/mmol) was added to a solution of 5-hexylthiophene-2-carbaldehyde (2.00 g,

10.2 mmol, 1 eq) in 4.17 mL of pyrrol (60 mmol, 5.9 eq, with previously filtered

NH HN /

with neutral aluminum oxide). The solution was stirred at room temperature for

30 min before quenching with trimethylamine (1 mL). The organic phase was extracted with
chloroform (CHCIs, 3xX50mL). The resultant organic phase was dried with anhydrous magnesium
sulfate (MgSOs4) and filtered. The solvent was removed under reduced pressure. The crude was
purified by chromatography column (silica gel, hexane:CHCIs, 1:1). The final product was a light
brown oil (7.88 mmol, 2.46 g, 77.5% yield). H-NMR (400 MHz, CDCIz) &/ppm: 7.93 (s, 2H), 6.7
(d, 4H, J = 2.62 Hz), 6.21-6.20 (m, 2H), 6.09 (s, 2H), 5.66 (s, 1H), 2.79 (t, 2H, J = 7.6 Hz), 1.73-
1.65 (m, 2H), 1.43-1.35 (m, 6H), 0.95 (t, 3H, J = 6.5 Hz). FT-IR (ATR) u/cm-: 3390, 2920, 2850,
1690, 1560, 1460, 1430, 1250, 1110, 1090, 1030, 968, 883, 760, 714.

Synthesis of 5,15-bis(5-hexylthiopen-2-yl)-10,20-bis((trimethylsilyl)ethynyl) porphyrin

In completely anaerobic conditions, a solution of 2,2’-((5-
hexylthiophen-2-yl)methylene)bis(1H-pyrrole) (2.00 g, 6.6 mmol, 2
eq) in 660 mL of CHCIs, (100 mL/mmol) was added in a 1 L flask. It
was added to the solution 3-(trimethylsilyl)-2-propynal (0.98 mL, 6.62
mmol, 2 eq) and boron trifluoride diethyl etherate (BF:OC4H10, 3.3

mM, 0.27 mL, 2.18 mmol), The solution was stirred at room

CeH1g

temperature for 45 min before adding DDQ (1.13 g, 4.96 mmol, 1.5 eq). The solution was stirred

at room temperature for 1 hour before quenching with 1.3 mL of EtsN (0.4 mL/mmol). After 30
min the solvent was removed under reduced pressure. The crude was purified by
chromatography column (silica gel, hexane:CHCls:toluene, 7:2.8:0.2). The final product was a
green-purple solid (0.23 mmol, 200 mg, 7.3% vyield). *H-NMR (400 MHz, CDCls) &/ppm: 9.6 (d,
4H, J = 4.6 Hz), 9.11 (d, 4H, J = 4.6 Hz), 7.69 (d, 2H, J = 3.2 Hz), 7.19 (d, 2H, J = 3.2 Hz), 3.14
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(t, 4H, J = 7.54 Hz), 2.01-1.93 (m, 4H), 1.6-1.58 (m, 6H), 1.48-1.46 (m, 8H), 1.00 (t, 4H, J = 6.9
Hz), 0.62 (s, 18H), -2.13 (m, 2H). MALDI-TOF MS (m/z): calculated for CsoHssNaS2Si>: 834.36;
found: 835.60 (M+). FT-IR (ATR) u/cm™: 3310, 2950, 2920, 2850, 2140, 1550, 1470, 1370,
1340, 1250, 1140, 1060, 984, 949, 837, 795, 756, 698, 617.

Synthesis of P3

A solution of 5,15-bis(5-hexylthiopen-2-yl)-10,20-
bis((trimethylsilyl)ethynyl) porphyrin (1 eq, 0.18 mmol, 150 mg) in 15
mL of CHCIs (85 mL/mmol), and 0.5 mL of MeOH (2.5 mL/mmol) was
added to a 25 mL flask. It was added to the solution, zinc acetate

(Zn(OAC)2, 165 mg, 0.9 mmol, 5 eq). The solution was stirred at room

temperature for 4 hours. The organic phase was extracted with CHCIs Cetis

(8 x 25mL). The resultant organic phase was dried with anhydrous MgSO4 and filtered. The
solvent was removed under reduced pressure. The crude was purified by chromatography
column (silica gel, hexane:CHClIs, 1:1). The final product was a green-purple solid (0.17 mmol,
160 mg, 99.1 % yield). *H-NMR (400 MHz, CDClz) &/ppm: 9.6 (d, 4H, J = 4.6 Hz), 9.18 (d, 4H, J
= 4.6 Hz), 7.69 (d, 2H, J = 3.2 Hz), 7.19 (d, 2H, J = 3.2 Hz), 3.14 (t, 4H, J = 7.54 Hz), 2.01-1.93
(m, 4H), 1.64-1.60 (m, 6H), 1.48-1.47 (m, 8H), 1.00 (t, 4H, J = 6.9 Hz), 0.62 (s, 18H). MALDI-
TOF MS (m/z): calculated for CsoHseN4S2Siz2Zn: 896.28; found: 898.63 (M+). FT-IR (ATR) u/cm-
1: 2920, 2850, 2140, 1490, 1460, 1340, 1300, 1250, 1210, 1160, 1060, 1000, 972, 837, 791,
756, 710, 621.

Synthesis of P3S

At room temperature under argon atmosphere, a solution of P3
(150 mg, 0.16 mmol, 1 eq) in 35 mL of chloroform (CHCls, 220
mL/mmol), was added to a 100 mL flask. It was added to the solution
TBAF (1M in THF, 0.4 mL, 0.4 mmol, 2.42 eq). The solution was

stirred at room temperature for 3 hours, after that CaCl. (222 mg, 2

mmol, 12 eq) was added. After 30 min the organic phase was CoHis

extracted with CHCIz, (3 x 50mL). The resultant organic phase was dried with anhydrous MgSQOa4
and filtered. The solvent was removed under reduced pressure. The final product was a blue-

green solid, and it was used directly in the next synthetic step.
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Synthesis of A6

Using the general procedure for Sonogashira
condensation previously described, to a solution of P3S
(200 mg, 0.27 mmol), C1 (337 mg, 0.8 mmol), 40 mL of
THF and 7.5 mL of EtsN, was added to a mixture of
Pdz(dba)s (152 mg, 0.16 mmol) and AsPhs, (340 mg, 1.1

mmol). The crude was purified by chromatography column

(silica gel, hexane:CHCIs, 2:3) and recrystallized with
CH2Cl2:MeOH. The final product was a turquoise solid (0.16 mmol, 218 mg, 60 % yield). H-
NMR (400 MHz, CDCI3) &/ppm: 9.56 (s, 2H), 9.07 (d, 4H, J = 4.6 Hz), 8.91 (d, 4H, J = 4.6 Hz),
7.76 (d, 2H, J = 3.2 Hz), 7.28 (d, 2H, J = 3.2 Hz), 3.23 (t, 4H, J = 7.6 Hz), 2.47 (s, 2H), 2.30 (s,
2H), 2.10-2.03 (m, 4H), 1.74-1.66 (m, 4H), 1.6-1.52 (m, 20H), 1.38-1.33 (m, 12H), 1.30-1.26 (m,
8H), 1.07-1.03 (t, 4H, J = 6.9 Hz), 0.92-0.87 (m, 18H). MALDI-TOF MS (m/z): calculated for
C78H92N402S4Zn: 1308.54; found: 1311.02 (M+). FT-IR (ATR) u/cm-1: 2920, 2850, 2180, 1650,
1610, 1490, 1450, 1410, 1290, 1210, 976, 791, 733, 710, 667.

Synthesis of SA11l

Using the general procedure for Knoevenaguel
reaction with 3-ethylrhodanine with a modification of
temperature and times of the reaction, 3-ethylrhodanine
(36 mg, 228 umol, 3 eq) and 4 drops of piperidine were
added to a solution of A6 (100 mg, 0.07 mmol) in 10 mL of

CHCIs.The solution was stirred at room temperature for 2

CeHis

nights. The final product was a green-red solid (0.06mmol, 115mg, 95.5 % yield). *H-NMR (400
MHz, CDCls) &/ppm: 9.09 (d, 4H, J = 3.9 Hz), 8.95 (d, 4H, J = 3.9 Hz), 7.83 (d, 2H, J = 1.9 Hz),
7.33 (d, 2H, J = 1.9 Hz), 6.64 (s, 2H), 3.73 (d, 4H, J = 5.8 Hz), 3.28 (t, 4H, J = 7.6 Hz), 2.3 (s,
2H), 2.12 (t, 4H, J = 7.28 Hz), 1.95 (s, 2H), 1.75 (s, 6H), 1.58 (s, 16H), 1.45 (s, 12H), 1.23-1.19
(m, 16H), 1.10 (d, 14H, J = 3.95 Hz), 0.97 (s, 4H), 0.85 (t, 4H, J = 6.9 Hz. 13C-NMR (100 MHz,
CDCIs) &/ppm: 192.00, 167.12, 151.68, 151.18, 149.32, 148.50, 147.50, 140.06, 134.01,
133.24, 133.03, 130.58, 126.94, 123.79, 122.77, 119.73, 116.27, 104.54, 101.75, 90.42, 39.86,
32.46, 32.18, 31.86, 31.73, 31.12, 30.95, 30.30, 29.73, 29.60, 29.04, 27.69, 23.24, 23.17,
22.92, 14.63, 14.57, 12.61. MP: >300°C. MALDI-TOF MS (m/z): calculated for
CssH102N602SsZn: 1594.51; found: 1597.27 (M+). FT-IR (ATR) u/cm: 3670, 3470, 2920, 2850,
2160, 1680, 1560, 1500, 1400, 1320, 1230, 1130, 1010, 877, 785, 729.
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Synthesis of A7

Using the general procedure for
Sonogashira  condensation  previously
described, to a solution of P3 (125 mg,
0.17 mmol), C2 (300 mg, 0.5 mmol), 40 mL
of THF (230 mL/mmol) and 7.5 mL of EtsN
(45 mL/mmol), was added to a mixture of
Pdz(dba)s (92 mg, 0.1 mmol) and AsPhs,

(205 mg, 0.7 mmol). The crude was purified by chromatography column (silica gel,

hexane:CHCls, 2:3) and recrystallized with CH2Cl:MeOH. The final product was a turquoise
solid (0.10 mmol, 374 mg, 60 % vyield). *H-NMR (400 MHz, CDCls) &/ppm: 9.59 (s, 2H), 9.29 (d,
4H, J = 3.9 Hz), 9.12 (d, 4H, J = 3.9 Hz), 7.75 (s, 2H), 7.25 (s, 2H), 7.05 (d, 2H, J = 16 Hz), 6.76
(d, 2H, J =16 Hz), 3.21 (t, 3H, J = 7.14 Hz), 2.73 (s, 3H), 2.57 (d, 6H, J = 21.8 Hz), 2.40 (s, 3H),
2.04 (t, 3H, J = 6.9 Hz), 1.77 (s, 2H), 1.65-1.63 (m, 6H), 1.5-1.26 (m, 68H), 1.05-0.99 (m, 16H),
0.94-0.89 (m, 20H). MALDI-TOF MS (m/z): calculated for C114H148N402SsZn: 1860.92; found:
1865.29 (M+). FT-IR (ATR) u/cm-: 2920, 2850, 2170, 1650, 1590, 1490, 1460, 1400, 1290,
1250, 1210, 972, 930, 791, 710, 663.

Synthesis of SA12

Using the general procedure
for Knoevenaguel reaction with 3-
ethylrhodanine with a modification
of temperature of the reaction, 3-
ethylrhodanine (43 mg, 0.26

mmol) and 4 drops of piperidine,

were added to a solution of A7 CoHis

(50 mg, 0.26 mmol) in 10 mL of chloroform (CHCIs, 370 mL/mmol). The solution was stirred at
room temperature for 6 hours. Then the product was purified, as the general Knoevenagel with
3-ethylrhodanine procedure. The final product was a green-red solid (0.08 mmol, 20 mg, 34 %
yield). tH-NMR (400 MHz, CDCls) d&/ppm: 9.58 (d, 4H, J = 4.6 Hz), 9.11 (d, 4H, J = 4.6 Hz), 7.79
(s, 2H), 7.72 (d, 2H, J = 3.2 Hz), 7.29 (d, 4H, J = 16 Hz), 7.15 (d, 2H, J = 16 Hz), 4.2-4.14 (m,
4H), 3.2-3.15 (m, 9H), 2.84 (d, 3H, J = 7.3 Hz), 2.67 (t, 6H, J = 6.9 Hz), 2.06-1.98 (m, 9H), 1.56-
1.42 (m, 58H), 1.4-1.37 (m, 12H), 1.26 (t, 9H, J = 7.16 Hz), 1.04-0.96 (m, 18H), 0.95-0.89 (m,
12H). 13C-NMR (100 MHz, THF-d8) d/ppm: 193.49, 168.14, 153.22, 152.27, 151.43, 149.83,
149.76, 146.08, 143.89, 143.78, 142.19, 139.41, 134.76, 133.78, 132.16, 131.58, 124.87,
123.89, 123.44, 121.06, 120.41, 116.59, 103.27, 103.11, 92.20, 33.66, 33.50, 33.31, 33.21,
33.17, 33.11, 32.98, 32.73, 31.73, 31.39, 30.87, 30.80, 30.75, 30.58, 26.42, 26.29, 26.22,
26.09, 26.02, 25.99, 25.89, 25.80, 25.69, 25.60, 25.49, 25.38, 24.33, 24.21, 24.11, 15.22,
15.20, 15.16, 15.14, 15.04, 13.01. MP: >300°C. MALDI-TOF MS (m/z): calculated for
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Ci24H158N602S10Zn: 2146.89; found: 2148.16 (M+). FT-IR (ATR) u/cm™: 2930, 2860, 1700,
1570, 1490, 1460, 1400, 1320, 1240, 1190, 1140, 1070, 957, 850, 789, 708.
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2. Porphyrins for dye-sensitized solar cells (DSSCs)
2.1 Dye Sensitized Solar Cells (DSSCs)

In 1991, O'Regan and Gratzel® developed a new photovoltaic cell (DSSC), working on the
principles of photosynthesis. This alternative to conventional silicon-based solar cells, attracted
great research interests because of low manufacturing costs and environmentally friendly
character.?2 DSSCs represent a promising approach to solar energy: Industrial interest has
emerged with the quickly developing technologies by companies such as Fujikura, Dyesol, G24

power, Sharp and Solaronix.? Figure 95 shows some products of G24 power.

Figure 95. Solar bag pack and solar powered keyboard folio for iPad Air 2, products of GCell by
G24 power

The validated DSSC efficiency certified record is 12.4 +0.3%?3 reported by Gratzel and
collaborators, and a new 13% record was described in 2014 by Nazzeruddin and collaborators,*

both cells use a porphyrin derivate as sensitizer.

Typically, a DSSC comprise a transparent conducting oxide (TCO) electrode, a dye
sensitized nanocrystalline titanium dioxide (TiOz2) film, a platinium (Pt) counter electrode, and
between the electrodes an electrolyte redox couple (typically iodine I /triiodide I37).This oxide
layer is composed of nano sized particles that have been sintered together to allow electronic
conduction to take place. It has a spongy structure that upon immersion in a dye solution picks
up the dye molecules giving an intense coloration.® Figure 96 shows an exploded view of its

components and assembly structure.
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Transparent conducting oxide
Finely divided Pt catalyst layer

Sealing gasket/separator

Electrolyte containing redox mediators

Photoactive mesoporous oxide with coated dye
molecules

Underlayer (mesoporous oxide)

11T

Transparent conducting oxide

Figure 96. Schematic structure of DSSCs
Conventional dye sensitized solar cells have four principal processes (Figure 97):18 17
e The photoexcitation of the sensitizer, (absorbs the light, leading to an excited state).b

¢ One electron is promoted from the excited state of the dye to the conduction band of the

metal oxide (TiOz, nanoparticles typically), (charge transfer process).

¢ Regeneration of the oxidized dye to the fundamental state by a reducing agent of the

electrolyte.

e The photogenerated electrons at the anode flow through an external circuit to reach the
Pt counter electrode (cathode), where the oxidized redox mediator is regenerated.

Conducting Cathode
glass

-05

« <
—_— »
— —

Figure 97. Scheme of physical process in DSSCs
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For a better understanding of DSSCs, the next paragraphs describe widely each component

of these devices, based on recent publications:”:8

e Transparent conductive substrate

The conductive highly transparent material provides a substrate for the deposition of the
semiconductor and catalyst, acting also as current collector. The transparent (> 80%) substrates
allows maximum sunlight into the cell. The electrical conductivity of the substrates should also
be high for efficient charge transfer and to minimize energy loss.8

Typically are used as conductive substrates are: FTO (fluorine tin oxide) and ITO (indium tin
oxide). FTO and ITO substrates consist of soda lime glass coated with fluorine tin oxide and
indium tin oxide layers, respectively. The transmittance of ITO films and FTO are over 80% and
55% respectively and sheet resistance of 18 Q/cm? and 8.5/cm? respectively. Polymers can also

be used as an alternative to glass substrates because of their flexibility and low cost.

e Mesoporous semiconductor

Titanium oxide (TiO2) is usually the mesoporous semiconductor, due to its better
morphological and photovoltaics properties compared with other metal oxides such as zinc
oxide,® and tin (IV) oxide.1® The semiconductor provides a surface area for the adsorption of the
dye, accepting electrons from the excited state of the dye and conducting them to the external
circuit to produce an electric current.!! The electron transport rate depends on the crystallinity,
morphology, and the surface area of semiconductors. TiO2z occurs in nature as minerals bookite,
anatase and rutile. Anatase is preferred for its high conduction band edge energy (3.2 eV) and
its best electron transport process due to the high packing density. High band gap energy
makes anatase chemically more stable.12 The short circuit photo current of an anatase-based
DSSCs is 30% more than a rutile-based DSSCs. Rutile has a smaller surface area and absorbs

less dye and therefore rutile-based DSSCs are less efficient.13.14

Figure 98. Photography and crystal structure of anatase!516
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e Dye or photosensitizer

The function of dye is to absorb light and transfer electrons to the conduction band of the
semiconductor. Many types of compounds have been developed as sensitizer: as metal organic
complexes, metal-free organic compounds and natural dyes. The electrochemical and
photophysical properties of the sensitizer play an important role for charge transfer dynamics at

the semiconductor interface.”

The molecular engineering is important for the preparation of high efficiency DSSCs, the
HOMO-LUMO suitably spatially separated and the anchoring group must be bound (by
coordination bounding) to the electron acceptor part of the molecular structure for stabilization
of the photoexcited state, efficient injection of the generation of oxidized dyes and suppression

of the back electron transfer.2

Some characteristics for efficient photosensitizers are:

e Must be HOMO level more positive than the redox potential of the electrolyte and the

LUMO more negative than the CB of the semiconductor.

¢ Intense absorption in the visible region, from 400 to 900 nm.

e Adsorb strongly on the surface of the semiconductor.

e High extinction coefficient.

e Stable in its oxidized form allowing it to be re-reduced by an electrolyte.

e Stable enough to carry out ~108 turnovers (20 years of cell operation).

YD2-0-C8 CeH130 SM315
CgHyz CsH170 O CeH170
CgH430 O PN
N o : et
C6H130 O
CgHyz CgH170 O CgH470
CgH430
12.3% o 13%

Figure 99. Dyes with the highest DSSCs efficiency (up to July 2015)
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e Electrolyte

The electrolyte regenerates the dye after it injects electrons into the conduction band of the
semiconductor, and acts as a charge transport medium to transfer positive charges towards the
counter electrodes.

Some characteristics of the electrolytes are:'®

e Not absorbing light in the visible region.

e A high electrical conductivity and low viscosity for faster diffusion of electrons.

e Good interfacial contact with the nanocrystalline semiconductor and the counter
electrode.

e Not desorption of the dye from the oxidized surface and the degradation of the dye.

There are three types of electrolytes:

e Liquids (organics and room temperature ionic liquid (RTIL)).

e Solids.

e Quasisolids.

The redox couple is the major component of organic electrolytes and many types have been
studied, but the good solubility, rapid dye generation, low absorbance of light in the visible
region, suitable redox potential, very slow recombination kinetics has established the Is7/I- as the

most used couple.®

The RTIL are a group of organic salts containing cations such as pyridinium, imidazolium,
and anions from the halide or pseudohalide family.2021 Nevertheless, their high viscosity limits

their application as electrolytes in DSSCs produce low efficiency.

The solid state electrolytes have the advantage of long-term stability; they do not leak like
the liquids electrolytes?? and they use a p-type semiconductor or a hole transfer material (HTM).
The band gap structure of the p-type semiconductor must be compatible with the HOMO level of

the photosensitizer and the conduction band of the n-type semiconductor, TiO2.81°

The quasisolid state electrolyte is a composite of polymer and liquid electrolyte and they
show better long-term stability, high electrical conductivity, and good interfacial contact when

compared to liquid electrolytes,?® as consequence of the polymers network structure.
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e Counter Electrode (CE)

This electrode is used for the regeneration of the electrolyte. The oxidized electrolyte
diffuses towards the counter electrode where it accepts electrons from the external circuit. A
catalyst is required to accelerate the reduction reaction. Platinum (Pt) is considered the
preferred catalyst because of its high exchange, current density, good catalytic activity, and
transparency. The performance of the CE depends on the method of Pt deposition on TCO
substrate. Among the deposition methods are: thermal decomposition of hexachloroplatinic salt

in isopropanol, electrodeposition, sputtering,2* vapor deposition, and screen printing.2526.27.28.

2.2 Solar cells parameters in DSSCs

The power conversion efficiency, similarity to OPV, is given by the Equation 1. The next
paragraphs will describe some improvements to the power conversion efficiency of DSSCs
according to the key parameters described by Torres, Gratzel, Nazeeruddin, Urbi'” and Han
and collaborators:?2

The driving force for electron injection (AGing) is the difference between the LUMO level of
the dye and the conduction band of the semiconductor (typically, TiO2CB lies at around -0.5 V
versus NHE). To make the process of electron injection thermodynamically possible, the LUMO
level of the dye must lie above the TiO2 CB (in a conventional DSSC), and the resulting

overpotential must satisfy a minimum value to make it efficient.1”

The potential energy difference between the HOMO level of the oxidized dye and the
potential of the redox mediators will govern the driving force for dye regeneration (AGreg). The
effect of AGreg On the dye-regeneration kinetics (kreg) has been largely unknown for a long time
in DSSCs, and is subjected to controversies.?® In high efficiency DSSCs, over 10%, the nin and
Nee are close to the unity.

The best strategy to increase the short circuit current is to improve the light harvesting
efficiency (LHE). LHE quantify the capability of the device to absorb photons, as a function of
the extinction coefficient of the dye and concentration/amount of dye adsorbed onto the TiO:2
surface.l” The sensitizer has to match with the solar spectrum. It is important to prepare dyes
with intense molar extinction in visible and NIR regions. The dissociation of the generated
exciton needs to be efficient®° (to inject an electro into the TiO2 CB), and for this process, the
charge separation energy proportional to the exciton binding energy, depends on the electronic
structure and the geometry of the dye. The binding energy and intrinsic relaxation dynamics of
the exciton, hence, constitute a first crucial factor that governs the electron-injection efficiency,
and hence the Jsc of the cell.3!
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IPCE(A) = LHE(A) * Ny * Ngc
Equation 3.

Where:
LHE = Light harvesting efficiency
ninj = Electron injection yield from the photoexcited dye into TiO2

nec = Charge collection efficiency at the electrodes

The distribution of the photon-flux irradiance is not constant over the solar spectrum; the
500-800 nm region is the richest part in photons. Based on AM 1.5G solar simulations, the
expected current density between 400 and 900 nm is near to 7 mA-cm™2 for every 100 nm, with
a maximum cumulated Jsc value around to 35 mA-cm2 for an ideal dye that would harvest
whole sunlight in this region. All organic dyes have a limited absorption bandwidth; an efficient
dye should be able to absorb the maximum of sunlight in the widest range possible (especially

between 400-920 nm) to produce the maximum photocurrent.’

Co-sensitizers can be used as strategy to improve LHE by using plural dyes with
complementary absorption properties to co-sensitize the mesoporous film.32 Another strategy is
to increase the optical path length within TiO2 films, adding large diffusive particles into the

conventional nano-crystalline TiO2 or adding scattering layer on the black side.3

Design, synthesis, and subtle changes in the molecular structure of the dye will help fine-
tune the molecular orbital at adequate levels with respect to those of the semiconductor and
electrolyte, as well as the orientation and geometry adopted by the dye onto the surface. A wide
absorption of sunlight by the sensitizer and four optimal components are: (1) HOMO and (2)
LUMO levels of the dye, (3) redox potential of the redox couple in the electrolyte, and (4)
semiconductor conduction band. Accordingly, the redox shuttle must fulfill the compromise
between high redox potential to attain high Voc in the DSSCs and satisfy a minimum

overpotential needed for an efficient dye-regeneration to avoid a drop in the Jsc.

To achieve high power conversion efficiency, is necessary to improve the morphology of
semiconductors to reduce the dark current, find low volatile and less viscous electrolytes to
improve the charge transfer rate, improve the mechanical contact between the two electrodes
and use additives for dyes and electrolytes that enhance their properties.? The dyes must reach
high electron injection (ninj), dye regeneration (nreg), light harvesting efficiencies (LHE), avoid
recombination processes, absorb over the wider range of the solar spectrum, and be stable

enough over a long period.*17
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2.3 Porphyrins for dye sensitized solar cells DSSCs

2.3.1 Porphyrins in DSSCs'’: Background

Porphyrins have been used by scientists as efficient light harvesting molecules for dye
sensitized solar cells and have drawn much attention as an alternative to silicon-based solar
cells due to their low-cost production and high power conversion efficiency (n).3*3° In addition,
the porphyrins have appropriate redox properties for the sensitization of TiOzfilms. The LUMO
level of the macrocycles lies above the TiO2z conduction band, and the HOMO level is close to
the redox potential of the electrolyte, which ensures efficient dye regeneration. The adjustment
of the electronic levels of the macrocycle is possible by changing the porphyrin substitution at

the meso and B positions, as well as changing the complexed metal.36

Recent developments on porphyrin-based solar cells exhibit a promising advance; Figure
100 shows a graphic of the PCE of some porphyrin-based DSSCs devices.

PCE
15.00% ps D6
D4 13%
12.30%
10.00% 11.90%

5.00%

2.60%

0.00%
1990 1995 2000 2005 2010 2015 2020

Figure 100. PCE of some porphyrin-based DSSCs

In 1993, was described the first DSSC based on porphyrin dye in TiO2 with 2.6% of PCE,
employing B-chlorophyll derivatives and natural porphyrins (D1). 37 After this result non
significant progress was reported until 2005, when a porphyrin dye with the anchor group linked
to the B position (D2) shown a PCE of 5.6%.383° The extension of the conjugation in the bridge
with another vynil group (D3) enhanced the efficiency to 7.1%.4° In 2011, a S-porphyrin dye with
a double anchor shown 7.5%, (D4).4!:4?2 Nevertheless, the same year a meso-linked zinc
porphyrin dye sensitizer YD2-0-C8 achieving a PCE of 11.9% was prepared. The higher
efficiency was due to the amine group linked directly to the porphyrin core and a superior light-
harvesting ability through introduction of an extended chromophore at the meso-position of the
macrocycle ring, (D5). This structural design, involving long alkoxyl chains to suppress the dye
aggregation for a push—pull zinc porphyrin, and employing a redox electrolyte cobalt (l11/11)
tris(2,2"-bipyridine) allow a 12.3% PCE.*3 In 2014, a similar structural porphyrin with a stronger
donor and a conjugated linker attached to the anchoring group shown a PCE of 13% (D6).44
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Ar= 4-methylPh
Ar r= 4-methy

D5 (12.3%)
YD2-0-C8

D6 (13%)
SM315

Figure 101. Structure of some porphyrins employed as sensitizers in DSSCs

Nevertheless, in order to improve the efficiency of porphyrin based DSSCs, the following

challenges remain:

Improvement of the light-harvesting ability in the visible and NIR regions.

e Suppression of porphyrin aggregation on TiO2 to reduce undesirable quenching of the

excited singlet state.

e Novel redox couples that can increase Voc.

e Long-term stability under illumination.

The most viable method to enhance Jsc in DSSCs is to harvest a broader region of the solar
spectrum. To extend the absorption of porphyrin dyes to the near infrared region, the energy
gap between HOMO and LUMO levels must decrease. To this end, two approaches can be
used: first is to introduce a highly conjugated n-extended chromophore coupled with the

porphyrin ring (the best strategy is to functionalize the target porphyrin at the meso-positions).3®
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The second approach is to synthesize fused or dimeric porphyrins; fuse a chromophore to
make an elongated macrocycle*® or combine two porphyrins moieties through a chemical bond
extending the conjugation and generating dimeric molecules.*® However, in most cases, these
molecules suffered from poor device performance due to their nearly co-planar structural
feature favoring the formation of dye aggregates to deteriorate significantly the device
performance. The solution to the aggregation problem is to implement the approach of co-

sensitization.3®

In the following sections, two strategies to diminish effectively dye aggregation for porphyrin-
based DSSCs will be described:

The first strategy is to functionalize the porphyrins with long alkoxyl chains, protecting the
core for retarded charge recombination and also to effectively decreasing the dye aggregation

and so achieving efficient electron injection.

The second strategy is co-sensitation: this is an effective approach to enhance the device
performance through a combination of two or more dyes with complementary spectral features
sensitized on semiconductor films together, extending the light-harvesting ability to increase the

photocurrents of the devices.8°

The porphyrin sensitizer structure must have an anchoring group to allow the attachment of
the dye to the TiO2 metal oxide and act as an electron-withdrawing group.*’ Carboxylic acids
such as benzoic acid and cyanoacrylic acid have been the most widely used functional groups
for attaching sensitizers to metal oxides. However, carboxylic acids are prone to dissociate from
the metal oxide surface under severe conditions, including exposure to aqueous and alkaline
electrolytes. Such detachment of adsorbed dyes from TiO2 is undesirable for practical

applications, considering the necessary durability of DSSCs.

DONOR _t e TiO;

Figure 102. Schematic drawing of D—n—A type DSSCs

The use of n conjugated spacer between the porphyrin and the anchoring group enhance
the electronic communication between the excited porphyrin and the semiconductor, promoting

the electron-injection process between Dye and TiOx.
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Push—pull porphyrins with the configuration D—-n—A type organic sensitizers, which
consisting of an electron-donating group (D), & spacer and an electron-withdrawing anchoring
group (A), have been widely investigated owing to their broad and intense absorption spectral
features as well as efficient electron injection due to intramolecular charge transfer (CT)

character.3448

The use of five-member ring heteroaromatic moieties, as linkers between porphyrin and
anchoring group have been scarcely reported in DSSCs. A five-member ring substituted at the
meso position of a porphyrin allow less steric hindrance with the B-pyrrolic protons than a phenyl
group, due to the smaller size and angle bonds, and show higher degree of conformational
freedom and can adopt a planar structure, with an overlap of their  orbitals. The dihedral angle
between the porphyrin and the heteroaromatic compound is lower than using phenyls

(orthogonal to the macrocycle), and display red-shifted and broader absorption bands.

Thiophene, has been broadly utilized in ruthenium based*® and metal-free organic solar
cells® to enhance the coefficient absorption and red shift maximum absorption spectrum.
Employing thiophene linked to a porphyrin core, through the meso position, > a PCE of 5.1%
was obtained; this research showed that increasing the number of thiophene units does not
extend the spectra. Nevertheless, more number of thiophene units have a negative effect on the

performance.52

The introduction of a cyanoacrylic moiety as acceptor,55* allows a red-shift of porphyrin
absorption bands, in comparison to their carboxylic acid analogues. Nevertheless decreases
absorption coefficients, amount of absorbed dye, IPCE, Jsc, and PCE. Consequently, the
double bound of the cyanoacrylic spacer induces a more loosely and tilted orientation,
increasing the electron recombination rate through space between oxidized dyes and TiOz,
leading to poor efficiencies, while the rigidly and linearly oriented carboxylic groups allow a

densely packed and well organized arrangement of the dyes on the surface.

It can be foreseen that a PCE of 15% can be achieved if the structure and the fabrication of
the device is optimized to reach: Voc = 0.75 V, Jsc = 27 mAcm~2 and FF= 0.75, with the 17/ls"
redox electrolyte,® or Voc = 0.9 V, Jsc = 22 mA cm 2 and FF = 0.75%:34 with cobalt redox

electrolyte.
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2.4 General objective

The main objective of this chapter is the design, synthesis and characterization of six news
porphyrin-based dyes with the configuration D-n-A, and then analyze the influence of the

structure of different porphyrin moieties in the performance of DSSCs.

D = B---A

D

D) Study the effect of the D moiety linked to the porphyrin core:

Q0 O
N QO

> .

wwv v
I

triphenylamine  4_(hexyloxy)-N-(4-hexyloxy phenyl)-N-phenylaniline

E) Study the effect of different B bridges between porphyrin core and the acceptor:

CsHy4
o Y csH1q
6H13 g < > ;
CeH13 E s |
) s
~TS CgH1z

3,4-dihexylthiophene (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene) 4.4-dihexyl-4H-cyclopenta[2,1-b:3,4- Benzene
b']dithiophene

F) Study the effect of change A acceptor as anchoring group:

COOH

NC
j —COOH

cyanoacetic acid carboxylic acid
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241

VI.

VII.

Specific objectives

Design, synthesis and characterization of SA13-14, zinc porphyrins bearing
different triphenylamine donor groups, and ethynylcarboxyphenyl anchor, to analyze
the optical, electrochemical properties and evaluate the performance employing as

electrolyte s I/Is and tris(1,10-phenanthroline)cobalt in DSSCs.

Figure 103. Dyes SA13-14

Design, synthesis and characterization of zinc porphyrins SA15-SA18, bearing
triphenylamine donor groups to analyze the difference between 3,4-di-hexyl
thiophene and (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as conjugated linkers
using cyanoacrylic acid and arylcarboxylic acid, to analyze the optical,

electrochemical properties and evaluate the performance in DSSCs.
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Figure 104. Dyes SA15-18
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2.5 SA13 and SA14

2.5.1 Synthesis and characterization of SA13 and SA14

Scheme 13 shows the synthetic route to dyes SA13 and SA14.52 The synthesis began with
the preparation of [10,15,20-tri(N,N-diphenylaniline)-5-ethynyltrimethylsilane]porphyrin (P4) and
[10,15,20-tri(N,N-(bis(4-hexyloxy)phenyl)aniline)-5-ethynyltrimethylsilane]porphyrin (P5) in 14%
and 11% vyield respectively, according to the Lindsey method. %6 This procedure improves
significantly the yield with respect to previous procedures described for similar porphyrins (4-
6%).57 Free porphyrins P4 and P5 were reacted with zinc acetate in chloroform giving the
metallized porphyrins P4S and P5S in 91% and 95% vyield after purification by column
chromatography (silica gel, Hex/CHClIs, 1:1).

R 1) TBAF
a R=H
b R=0CgHqs 1) BF3OEt2 2) Pdy(dba)s,
2)DDQ AsPPh;
. CHEN THF, Et;N

SA13

0 ol
Q OHC SiMes Q OCOOH

H  3-(trimethylsilyl)propiolaldehyde

SiMe;

P4, PS M = H2 SA13,P4,P4S R=H

Zn(OAc), SA14,P5,P58 R =0CgHq3
P4S, P5S M =2Zn

Scheme 13. Synthesis of SA13-14

IH-NMR spectrum of P4S shows signals at 9.79, 9.14, 9.07 and 9.05 ppm corresponding to
the protons of the porphyrin macrocycle and does not show the signals at -2.32 ppm indicating
the successful metalation of the porphyrin core. 'H-NMR spectra of P5S show a similar pattern
that P4S with signals at 9.75, 9.13, 9.05 and 9.03 ppm assigned to the protons of the porphyrin
ring and does not show at -2.27 ppm, corresponding to the successful metalation, (see
experimental part Figure 234 and Figure 215). The 13C-NMR spectra of P4S and P5S show
signals at 0.35 ppm and 0.41 ppm, respectively corresponding to the carbon of the trimethylsylil
groups, (see experimental section from Figure 216 to Figure 219). Structures of all compounds
were confirmed by MALDI-TOF mass spectrometry (see experimental section from Figure 220
to Figure 223).

Finally, the trimethylsylil group was quantitatively removed by TBAF and in situ reacted to p-
iodobenzoic acid under Pd-catalyzed Sonogashira coupling conditions, affording the target dyes
SA13 and SA14 after purification by column chromatography (silica gel, CHCI3: MeOH 10:1) in
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70 and 63% yield respectively, (for more details see experimental section at the end of this
chapter).

The structures of the final compounds were also confirmed by MALDI-TOF mass
spectrometry; SA13 and SA14 showed 1245.40 (M*), 1846.40 (M*) respectively, (see the
experimental section, Figure 228 and Figure 229).

The TGA of compounds SA13 and SA14 were evaluated and decomposition temperatures
(Ta) were estimated from the TGA plot as the temperature of the intercept of the leading edge of

the weight loss curve. Under these conditions, compounds SA13 and SA14 display excellent
thermal stability up to 220 °C (Figure 105).

Weight / %
Weight / %

r r r r r , 40+— r r
100 200 300 400 500 600 100 200 300 400
TI%

500 600
T/°C

Figure 105. Thermogravimetric analysis of SA13 (left) and SA14 (right)

2.5.2 Optical Properties

Figure 106 shows the absorption spectra of dyes SA13 and SA14 in dichloromethane
(CH2Cl) solution. Both dyes exhibit the typical features of zinc porphyrins, with an intense Soret
band between 400-500 nm and less intense Q bands in the range 550 to 700 nm (see Table 19
and Figure 239 in experimental section at the end of this chapter).

The addition of carboxyphenyl moiety to SA13 and SA14 provokes a bathochromic effect in
the Soret band and the maxima are shifted by 6 nm and 8 nm in comparison to the precursors
P4S and P5S respectively (see the experimental section Figure 236 and Figure 237).
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Figure 106. Normalized absorption spectra of dyes SA13 (dash line) and SA14 (solid line) in
CH2Cl2 solution (105 M)

Table 19. UV-Vis Absorption, Fluorescense emission and OSWYV data of dyes SA13 and SA14

Dye Amax/nm (log £)2 Aem/nMm?@ Elred (V)P Elox (V)P Enomo (eV)© ELumo (eV)?

SA13 630 (4.18) 652 -0.52 0.33 -5.43 -3.50
572 (4.02)
450 (5.08)
306 (4.71)
SA14 637 (4.39) 669 -0.58 0.28 -5.38 -3.49
579 (4.07)
449 (5.12)
305 (4.77)

210° M, CHClz; ® [10% M] in THF versus Fc/Fc*, glassy carbon, Pt counter electrode, 20 °C, 0.1 M
BusNCIOas, scan rate = 100 mV s7; ¢ Calculated using equation Erumo (vs. vacuum) = -5.1 - Elox (vs.

Fc/Fc+) in eV;%8 9 E umo was calculated using the first reduction potential.
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Figure 107. Normalized UV-Vis absorption and fluorescence emission spectra of SA13 (Aexc=
450 nm) in CH2Cl2
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In order to have an indication of dye loading in these devices, the absorption spectra of thin
films of transparent TiO2 films (6 um) were measured after 1.5 hours and 6 hour sensitization in
0.2 mM solutions of SA13 and SA14 in chlorobenzene (Figure 108). These data indicate that
there are roughly twice as much dye loading on the films for 6 hours compared to 1.5 hours

sensitization.

--SA1315h
--SA1415h
2.54 ---SA136 h
---SA14 6 h

Absorption / a.u.

500 550 600 650 700 750 800
Wavelength / nm

Figure 108. Absorption spectra of thin films of transparent TiO: films (6 um) following 1.5 and 6

hour sensitization in 0.2 mM solutions of SA13 and SA14 in chlorobenzene

Fluorescence spectra were recorded in CH2Cl2, exciting at the absorption maxima (Aexc= 450
nm for SA13, and Aexc= 449 nm for SA14), showing intense emission of 652 nm and 669 nm
respectively (see Figure 107). Interestingly, emissions of porphyrin were totally quenched after
adsorption onto TiO2, suggesting efficient photoinduced electron transfer from the dyes to the
TiO2 nanoparticles (see Figure 109).

200 4
175
150 o
125
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Intensity / %

T T
500 600 700 800
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Figure 109. Fluorescence emission spectra in absence (solid line) and presence of TiOz (dash

line) of compound SA13 (Aexc = 450 nm) (left) and SA14 (Aexc = 449 nm) in CH2Cl2
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2.5.3 Electrochemical Properties

The redox properties of SA13 and SA14 were investigated by cyclic voltammetry and
square wave voltammetry in tetrahydrofurane (THF) (Table 19, Figure 110 and Figure 111). On
the cathodic side, compounds SA13 and SA14 show the first reversible oxidation peaks at 0.33
and 0.28 V respectively; the presence of the electron-donating alkoxy groups significantly
reduces the oxidation potential of SA14 compared to SA13 by 0.05 V.

3.5x10° .
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2.5%10° 8.0x10° 1
2.0x10°

15x10° 6.0x10° -
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/A

; 4.0x10° 4
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0.0 s
2.0x10° 4
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0.2 0.1 0.0 0.1 02 03 0.4 0.4 0.2 0.0 02 0.4

Figure 110. CV (left) and OSWYV (right), of compounds SA13 (solid line) and SA14 (dash line)

(anodic window)

On the reduction side, both compounds show a first reduction potential at -0.52 V and -0.57
V as irreversible waves, showing that the electron-donating alkoxy groups in SA14 increase its
reduction potential with respect to SA13, as we would expect. The LUMO of SA13 to SA14 vary
only by 0.05 eV and were determined as -5.43 eV (SA13) and -5.38 eV (SA14), indicating that
regeneration by I/I3~ (Eredox = -4.75 eV) and Co(ll)(pheno)s/Co(lll)(pheno)s (Eredox = -5.06 eV) is
energetically feasible. The ELumo values indicate that efficient electron injection into the TiO2

conduction band (Evio2 = -4.00 eV) is also energetically possible.

0.0 -
-1.0x10°
-2.0x10°

-3.0x10°

/A

-4.0x10°

-5.0x10°

-6.0x10°

-7.0x10° T T T T T T T 1

E/V

Figure 111. OSWYV of compounds SA13 (solid line) and SA14 (dash line) (anodic window)
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2.5.4 Theoretical Calculations

The optimized structures of SA13 and SA14 were calculated, in order to gain insight into the
geometries and electronic properties. The computational studies were performed employing
density functional theory (DFT) at the B3LYP/6-31G level.

The geometry of both dyes shows similar dihedral angles between the phenyl ring and the
porphyrin macrocycle (¢ ~ -65°) and are in agreement with those calculated for similar systems
(Figure 112).5° The angle between the porphyrin and the carboxyphenyl (¢ ~1.65 and 1.82 for
SA13 and SA14 respectively), shows the planarity of the system, allowing the extension of the

conjugation.

The calculated HOMO levels of SA13 and SA14 are found to be delocalized through the
porphyrin macrocycle and TPA, however the LUMO levels are extended along the porphyrin
system, the linker and the acid group, indicating that electronic coupling with the TiO:2
nanocrystals is possible. The HOMO-LUMO gap is similar for both dyes (2.29 and 2.20 eV for
SA13 and SA14 respectively), the LUMO level of SA14 is higher (-2.45 eV) than SA13 (-2.61
eV) due to the electronic coupling of the alkoxy groups of the TPA moieties (Figure 113).

” .
4 D &N .
2l
Q
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Figure 112. Optimized structure for dye SA14 (hexyl groups have been replaced by methyl for

calculations)

Figure 113. Electronic density contours calculated at the B3LYP/6-31G** level for dye SA14
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2.5.5 Photovoltaic properties

DSSCs devices were fabricated in collaboration with Prof. Emilio Palomares at the Institute
of Chemical Research of Catalonia (ICIQ). The efficiency of the devices was optimized by

modifying the electrolyte and the sensitization time.

The best efficiency (5.14%) achieved for SA13 is consequence of the combination of the
parameters Voc (0.63 V), FF (67%) and Jsc (10.09 mA/cm-2); in the case of SA14, similar Voc
(0.62 V) and FF (70%) are found, nevertheless Jsc (7.83 mA/cm2) decreased and the best
efficiency (4.15%) is lower than SA13. In both cases, the best efficiencies were employing I/l
electrolyte, after 1.5 hours of sensitization time (without mask, see Figure 114a). These results
match with the study of Liu et al, involving similar dyes. 57 Upon longer sensitization time of 6
hours the device efficiency drops to 3.93 and 3.60% for SA13 and SA14 respectively (without

mask), as consequence of the decrease in Jsc.

The devices fabricated with cobalt electrolyte, afforded the best results after a longer
sensitization time (6 hours) with 3.11 and 2.45% for SA13 and SA14 respectively. The
increased Voc (approx. 140 mV) afforded by employing Co(ll)(pheno)s/Co(lll)(pheno)s with
respect to I/1s"is in line with other studies,®® nevertheless the decrease in Jscin comparison to
the other electrolyte produce a lower efficiency, (Figure 114c). Finally, under similar conditions
the device prepared with YD2-0-C8 (used as reference) gave an efficiency of 12.57% (without

mask), indicating that tested conditions are comparable with other studies.®!

Figure 114 (b and d) show the IPCE spectra for all of the studied devices. These spectra
show the contributions to device current from the Soret and Q bands, centered at around 450
and 650 nm, respectively. The integration of these spectra exhibit an agreement with the Jsc

values for the same devices in Figure 114 (a and c).

Table 20 show the device performance, Jsc and Vo, fill factor (FF) and overall efficiency
(), for sensitizers SA13 and SA14 in DSSCs devices based on I/ls and
Co(ll)(pheno)s/Co(lll)(pheno)s electrolytes.

153



CHAPTER 2

60
10 4 a
(a) & (b)
54 404
x
-~
0 e § 30-/
e " 20
Sp— SA136h ‘
54 -_— SA146h SA1315h
- SA13 Dark SA1415h
- SA14 Dark ‘0 x| SA136h
- SA13 Dark SA146h
- SA14 Dark
N+ >+
0 01 02 03 04 05 06 07 08 400 440 480 520 560 600 640 680 720
- Voltage / V 40 Wavelength / nm

SA1315h
SA1415h
SA136h

%

SA146h

SA13 Dark
SA14 Dark
SA13 Dark
SA14 Dark

¢

SA1315h
SA1415h
SA136h

(d)

0.4 08

Voltage | V

0 0.2

400 44

Wavelength / nm

0 480 520 560 600 640 680 720

Figure 114. J-V curves and IPCE spectra of DSSCs devices composed of sensitizers SA13 and
SA14 based on I/Iz- ((a) and (b)) and Co(ll)(pheno)s/Co(lll)(pheno)s electrolytes ((c) and (d))

Table 20. Photovoltaic performance of cells recorded under AM 1.5G 1 sun illumination

Dye Electrolyte Time Jsc (mA/cm?) Voc (V) FF (%) PCE (%)*
(h)
SA13 a 15 10.09 0.624 67 4.19 (5.14)
SA13 a 6 8.51 0.624 62 3.27 (3.93)
SAl4 a 1.5 7.83 0.624 70 3.40 (4.15)
SAl4 a 6 6.18 0.614 69 2.54 (3.60)
SA13 b 1.5 3.67 0.754 75 2.06 (2.53)
SA13 b 6 4.44 0.759 74 2.48 (3.11)
SAl4 b 15 3.17 0.769 66 1.61 (2.01)
SAl4 b 6 3.82 0.749 72 2.05 (2.45)
YD2-0-C8 C 20.13 0.754 66 10.04(12.57)

aElectrolyte: 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.1 M lithium iodide, 0.05 M iodine and

0.5 M 4-tert-butylpyridine in a 1:1 mixture of acetonitrile/valeronitrile; ° Electrolyte: 0.2 M tris(1,10-

phenanthroline)cobalt(11)(TFSI)z,

0.02 M tris(1,10-phenanthroline) cobalt(lll)(TFSI)s,

0.1 M lithium

perchlorate and 0.5 M 4-tert-butylpyridine in a 85:15 mixture of acetonitrile/valeronitrile; ¢ Electrolyte: 1 M
1-butyl-3-methylimidazolium iodide (BMII), 0.05 M lithium iodide, 0.03 M iodine, 0.1 M GuNCS and 0.5 M
4-tert-butylpyridine in a 85:15 mixture of acetonitrile/valeronitrile. *Data in parenthesis recorded
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2.6 Dyes SA15 and SA16

2.6.1 Synthesis and characterization of SA15 and SA16

To complete the results obtained in the last section; two new porphyrins were synthesized,
employing the porphyrin core of SA13 (see chapter 2 section 2.5.1) and thiophene substituent
as conjugated spacers between the porphyrin core and the anchoring, dicyanovinylene
moiety. The synthesis of dyes SA15-16 was performed according to Scheme 14, starting from

trimethylsilyl porphyrin P4S, previously prepared (see Scheme 13).62

1) TBAF

——TMS
2) Pdy(dba)s,

AsPPhs

THF, Et;N

CeH1s

B
A\

CeH
CoHyg &1

pas Cin=0
C2n=1

SA15 n=0
SA16 n=1

Scheme 14. Synthetic route to dyes SA15 and SA16

Firstly, the trimethylsilyl group was quantitatively removed by reaction with TBAF, followed
by cooper-free Sonogashira coupling reaction® with 2-iodothiophene derivatives C1 and C2,54

affording aldehydes A8 and A9 in 83% and 80% yield respectively.

Subsequently, dyes SA15-16 were synthesized by Knoevenagel condensation of A8 and A9
with cyanoacetic acid, using piperidine as base, affording after purification by column
chromatography (silica gel, CHCIs: MeOH 10:1), dyes SA15 and SA16 in 89% and 82% yields,
respectively. Satisfactory solubility of SA15 and SA16 in several common organic solvents,
such as CH2Cl2, CHCIs, and THF allowed the preparation of DSSCs. 'H-NMR spectra of SA11
and SA16, (Figure 116) showed the signals corresponding to the attached anchoring
cyanovinylene at 8.54 and 8.45 ppm, respectively and did not showed the signals at 9.90 and
9.76 ppm, respectively, corresponding to the H atoms of the precursors aldehydes A8 and A9
(Figure 115). The trans character of the double bond in A9 and SA16 was confirmed by the
coupling constant of around 15.4 Hz between the two vinyl protons (see the 'H-NMR spectrum

in the experimental section).
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Figure 115. 6 to 10 ppm *H-NMR spectra (400 MHz, THF-ds) of compounds A8 (right) and A9
(left)
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Figure 116. 6 to 10 ppm *H-NMR spectra (400 MHz, THF-ds) of compounds SA15 (right) and
SA16 (left)

All new compounds were fully characterized by means of FT-IR, *H and 13C-NMR
spectroscopies and MALDI-TOF mass spectrometry (see the experimental section at the end of

the chapter).

The MALDI-TOF mass spectrometry show a molecular ion pick (m/z) of 1470.53 to SA15
and 1747.17 to SA16 (Figure 117), according with the expected molecular mass, (see the
complete spectra in experimental section Figure 246 and Figure 247, and the previous
aldehydes A8 and A9 Figure 240 and Figure 241).
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Figure 117. MALDI-MS spectra of compound SA15 (left) and SA16 (right) (Matrix: Dithranol).

The TGA profile of SA15 and SA16 shows a similar pattern that porphyrin SA13, therefore

decomposition temperatures (Tq) display good thermal stability up to 200°C for both compounds
(Figure 118).

110
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Figure 118. Thermogravimetric analysis of SA15 (left) and SA16 (right)
2.6.2 Optical properties

The optical properties of SA15 and SA16 were studied by UV-Visible spectroscopy in THF
solution and both compounds exhibited absorption in the visible region. The solution of SA15 in
THF displays an intense Soret band at 471 nm (log € = 4.99) and an intense intermolecular
charge transfer (ICT) band at 662 nm (log ¢ = 4.53); between these bands, one of the Q bands
was observed at 583 nm (log ¢ = 3.93). Extension of the conjugation on the bridge by the
introduction of a new thienylenevinylene unit had a significant effect on the absorption spectra
of SA16, leading to a panchromatic absorption as the Soret band was red-shifted to 460 nm (log
¢ = 5.21) and a new absorption band appeared at 523 nm (log ¢ = 4.87), which is attributed to
the conjugated oligomer bridge. Furthermore, the ICT band was observed at 668 nm (log ¢ =

4.91) with an increased absorption coefficient (see Figure 119 and Table 21).
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Figure 119. Absorption spectra of dyes SA15 (dash line) and SA16 (solid line) in THF solution
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Figure 120. +UV-Vis absorption (solid line) and fluorescence emission spectra (dash line) of

SA15 (A, Lexc =471 nm) and SA16 (B, Lexc = 460 nm) in THF

The steady state fluorescence spectra of dyes SA15 and SA16 measured in THF show an
emission band at 703 nm in both cases (SA15 Aexc = 471 nm and SA16 Aexc = 460 nm, Figure
120). It is also noteworthy that significant differences were not observed in the emission band
as a result of the increased conjugation due to the inclusion of an additional thienylenevinylene
unit. The emission bands were totally quenched after adsorption onto TiO2 and this suggesting
an efficient photoinduced electron transfer from the excited state of the dye to the TiO2

nanoparticles (Figure 121).
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Figure 121. Fluorescence emission spectra in absence (solid line) and presence of TiOz (dash
line) of SA15 (A) and SA16 (B) in THF

Table 21. UV-Vis Absorption, Fluorescence Emission2 and OSWV?® data for compounds SA15-
16

Dye Amax / log ¢ Aem Elox/V E2ox/V Elred IV Exomo ELumo Eg

nm /nm leve levd leve
SA15 662 4.53 703 0.29 0.44 -1.62 -5.39 -3.48 1.91
583 3.93
471 4.99
305 4.68
SA16 668 4.91 703 0.26 0.49 -1.71 -5.36 -3.39 1.97
523 4.87
460 5.21
305 4.97

2SA15: 8.70 x 10 M, THF; SA16: 5.15 x 10 M, THF. P [10°® M] in THF versus Fc/Fc+, glassy carbon, Pt
counter electrode, 20 °C, 0.1 M BusNCIOg4, scan rate = 100 mV s, ¢ Calculated using equation Exomo (VS.

vacuum) = -5.1 - Elox (vs. Fc/Fc*) in eV.[2% 4 B ymo was calculated with E'red.® Eg=EHomo- ELumo.

2.6.3 Electrochemical properties

Electrochemical properties of SA15 and SA16 were measured by cyclic voltammetry and
square wave voltammetry in THF (Table 1, Figure 123 and Figure 124). Compounds SA15 and
SA16 show the first oxidation peaks at 0.29 and 0.26 V respectively (vs Fc/Fc*). This first
oxidation potential is assigned to the porphyrin core by comparison with the porphyrin precursor
P4S (0.35 eV, Figure 122), and the extended conjugation gives rise to a decrease of the Eox
value by 30 mV of SA16 respecting to SA15. The second oxidation processes are attributed to
the thienylenevinylene moieties. On the reduction side, both compounds show first reduction
potentials at -1.62 V and -1.71 V, respectively, as irreversible waves, and they are attributed to
the reduction of the thienylenevinylene moieties. It was also observed a second reduction

potential at -1.76 V for SA15, which is attributed to the reduction of the porphyrin core. This
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second reduction potential is sensed also in the case of SA16 as a shoulder of the first wave of
reduction. The Enomo values deduced from the oxidation potentials are -5.39 eV and -5.36 eV
for SA15 and SA16 respectively., indicating that the regeneration is energetically feasible by
/I3~ (Eredox = -4.75 eV). The ELumo values, -3.48 for SA15 and -3.39 for SA16, also indicate that
efficient electron injection into the TiO2 conduction band (Etioz = -4.00 eV) is energetically

possible as well.
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Figure 122. Cyclic Voltammetry (cathodic window) and Squave Wave Voltammetry plot of P4S

(referred to Fc/Fc*)
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Figure 123. Cyclic Voltammetry and Square Wave Voltammetry plot (cathodic window) of SA15
(solid line) and SA16 (dash line) (referred to Fc/Fc*)
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Figure 124. Square Wave Voltammetry plot (anodic window) of SA15 (solid line) and SA16
(dash line) (referred to Fc/Fc*)
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2.6.4 Theoretical Calculations

To gain insight into the geometrical and electronic properties of dyes SA15 and SA16, DFT
calculations were performed. The calculated ground state geometries (Figure 125) for both dyes
(SA15 and SA16) show that the aryl rings in position meso of the porphyrin, are twisted, respect
to the macrocyclic Zn-porphyrin core with a dihedral angle around 61-63°. The phenyl groups
bounded to the nitrogen atoms of the TPAs have a dihedral angle about 42° thus
triphenylamine units act as bulky groups difficulting the =-n stacked aggregation of the dyes.
These characteristics improves the photoelectron injection efficiency from the dye to the TiO2
electrode and, as a consequence, increases the conversion efficiency. Moreover, the thiophene
fragments of dyes SA15 and SA16, including the anchor group, lie in the same plane of the
porphyrin core. In dye SA16 the planarity between the macrocycle and the thiophene ring,
bounded to the triple bond, is slightly greater (¢ ~ 5° than that in dye SA15 (¢ ~ 8°). This
planarity between the porphyrin and the anchor group ensures effective electron coupling
between both electroactive fragments. The bond distances in the conjugated systems based on
thiophene are around 1.40 A (both double and single), and this provides evidence of the push-

pull character and the effective conjugation between the porphyrin and the anchor group.

Figure 125. Structures of dyes SA15 (left) and SA16 (right) optimized by B3LYP/6-31G(d)

The molecular orbital analysis of the frontier orbitals of dyes SA15-16 together with their
energy levels are showed in Figure 126. The HOMO-LUMO energy levels and consequently
HOMO-LUMO energy gap of dye SA15 (1.99 eV) and SA16 (1.88 eV) are similar. Nevertheless,

these types of sensitizers have sufficient driving force for electron injection to TiO2.

The electron distribution of both dyes (Figure 126), SA15 and SA16, show that HOMO
levels are mainly localized over the porphyrin macrocycle with some delocalization onto the
nTVs fragments and the anchor group, whereas the HOMO -1 and HOMO -2 are confined on

the triphenylamine addends.
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Figure 126. Energy levels of occupied and unoccupied MO and the electron density distribution
of the corresponding frontier orbitals calculated using B3LYP/6-31G(d) for SA15 (left) and SA16

(right)

The first two LUMO orbitals are scattered along the porphyrin ring, the thiophene units and
the anchor group. For dye SA15, the LUMO +1 is exclusively distributed on porphyrin ring while
for the LUMO +1 of dye SA16 there is an allocation of the electron density along all conjugated
system, even on the anchor group. These facts confirm the data obtained on the
electrochemical studies. The first oxidation potential (SA15: Elx = 0.29 V; SA16: 0.26 V)

corresponds to the formation of the porphyrin radical cation.52

2.6.5 Photovoltaic properties

Like SA13-14, DSSCs devices of SA15-16 were fabricated in collaboration with Prof. Emilio
Palomares at the Institute of Chemical Research of Catalonia (ICIQ). Two different sets of
porphyrin sensitized solar cells were prepared depending on the electrolyte used. The
electrolytes were denoted as LP1 and LP2 (see experimental section at the end of this chapter),
and they differed only in the presence of 0.5 M tert-butyl pyridine (4-TBP) in LP1. The current
vs. voltage (J-V curves) under 100 mW/cm? sun (1.5 AMG) simulated light are shown in Figure
127. SA15 with the electrolyte LP1 shows the high PCE value (6%) as consequence of the high
Jsc (12.3 mA cm?) and the good Voc (0.684 V). As can be seen, there is a marked difference in
the device open circuit voltage (Voc) between the two porphyrin sensitized TiO:z solar cells using
the different elctrolytes (Table 22).
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Figure 127. J-V measurements for the two different DSSCs (cell area 0.16 cm?). Dashed lines

correspond to measurements made in the dark

Table 22. Measured parameters for the optimized DSSCs LP1 and LP2

Dye Electrolyte Sensitization Jsc Voc (V) FF (%) PCE (%)
(time/hours) (mA cm?)

SA15 LP1 3 12.3 0.684 71 6.0
SA15 LP2 3 11.7 0.584 68 4.7
SA16 LP1 1* 9.20 0.644 70 4.1
SA16 LP2 3 12.35 0.574 70 5.0

*Longer sensitization times led to lower photocurrent and worse device performance.

Subsequent measurements aimed at characterizing the solar cells were carried out to
analyze the differences in photocurrent. The IPCE (Incident Photon to Current Efficiency)
measurements (Figure 128) are in good agreement with the registered Jsc values under 1 sun
(Table 22). As can be observed, in all measurements two bands can be clearly differentiated
and these correspond to the Soret band of the porphyrins and the ICT band. Integration of the
IPCE spectrum with respect to the 1.5 AM G solar spectrum gave the expected photocurrent of
13 mA/cm? for SA15 on using electrolyte LP1 and 12.8 mA/cm? for SA16 on using electrolyte
LP2.
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Figure 128. IPCE measurements for the optimized DSSCs

Photo-induced charge recombination studies were carried out to analyze the differences in
Voc. Firstly, the charge density (total charge upon different light irradiation) was measured using
the photo-induced charge extraction method. The different exponential curves obtained with
different light bias values (cell voltage upon different light illumination intensities) are shown in
Figure 129. As one would expect, the use of 4-TBP with the LP1 electrolyte leads to a shift in
the measured curves towards higher Voc. The use of 4-TBP induces an up-shift in the
conduction band (CB) edge of the TiO2 and this leads to an increase in cell voltage.
Interestingly, for porphyrin SA15 the shift in the CB edge of the TiO2 did not lead to a
concomitant decrease in the cell Jsc value as a consequence of the more unfavourable electron
transfer from the dye excited state to the TiO2 CB, which is the case for porphyrin SA16. This
result led to consider that the presence of 4-TBP, in combination with porphyrin SA15, results in
a better charge transfer from the dye excited state due to a lower concentration of SA16

molecular aggregates.
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Figure 129. Photo-induced charge extraction measurements for all DSSCs (cell area 0.16 cm?)
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Measurement of the electron lifetimes for the different set of solar cells (Figure 130) shows
that for solar cells sensitized with SA15 the factor that has the most marked effect on solar cell
performance is the use of 4-TBP in the electrolyte. It is noticeable that the presence of 4-TBP in
the LP1 electrolyte leads to slower charge recombination kinetics between the electrons at the
TiO2 and the oxidized electrolyte when compared to the solar cells based on SA15 with the
electrolyte LP2. In contrast, for porphyrin SA16 the presence of 4-TBP does not have an
influence on the electron lifetime and in both cases a similar value was obtained. Thus, the
higher Voc obtained for DSSCs sensitized with SA15 and the electrolyte LP1 is due to the up-
shift of the TiO2 CB edge and not to slower charge combination kinetics between the photo-
injected electrons on the TiO2 and the oxidized electrolyte.
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Figure 130. Electron lifetimes measured using TPV vs device charge density at different light
bias for all different DSSCs
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2.7 Dyes SA17 and SA18
2.7.1 Synthesis and characterization of SA17 and SA18

The synthesis of dyes SA17 and SA18 was prepared according to Scheme 15, starting from
precursor aldehydes A8 and A9 in dryed acetone was added slowly NaClOz (3.0 eq), then was
added drop to drop a solution of NH2SOsH in water and the mixture was stirred during 4 hours
at room temperature. The reaction was quenched with a saturated solution of hydrochloride
acid, stirring for 1 hour and extracted with CH2Cl.. The combined organic phases were dried
over anhydrous MgSOa4 and filtered, then the solvent was removed by rotary evaporation. The
product was purified by column chromatography (silica gel, CHCIs:MeOH 95:5), dyes SA17 and
SA18 in 53% and 50% yields, respectively.

1) NaClO,

- >

2) NH,SO3H SA17n =0

SA18n=1
Acetone,Water

Scheme 15. Synthetic route to dyes SA17 and SA18

The H-NMR spectra of SA17 and SA18 showed the signals at 9.74, 9.01, 8.95 ppm and
9.76, 9.06, 8.95 ppm respectively, corresponding to the protons of the porphyrin core, (see
Figure 131).

W JUU

16.5 16.0 9i5 9.‘0 8i5 8.‘0 7.5 7.0 6.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

Figure 131. 7 to 10 ppm *H-NMR spectra (400 MHz, THF-Ds) of compound SA17 and SA18
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Finally, SA17-18 mass spectra showed a molecular ion peak (m/z) at 1419.51 (M*) and
1515.40 (M*) respectively, according to the calculated molecular mass (see the experimental
section, Figure 249 and Figure 250).

Thermal analysis plays an important role in the study of dyes, therefore the resistance to
heat at elevated temperature is one of the main properties required. Thermal stabilities of SA17-
18 were evaluated by TGA employing the same conditions that in SA13-14. The weight losses
show the decomposition temperatures (Td) at 362°C for SA17 and at 359°C for SA18, therefore

both dyes can be used for solar cells applications (Figure 132).
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Figure 132.Thermogravimetric analysis of SA17 (left) and SA18 (right)

2.7.2 Optical properties

The UV-Vis absorption spectra of SA17-18 in THF exhibit the typical pattern of zinc

porphyrin spectrum with an intense Soret band and two Q bands (see Figure 133 and Table 4).

UV-Vis spectrum of SA17 in THF showed the Soret band at 456 nm (log € = 5.59) and Q
bands at 584 nm (log ¢ = 4.59) and at 640 nm (log ¢ =4.80). Under similar concentration
conditions that SA17, the UV-Vis spectrum of SA18 shows a Soret band at 472nm (log & =
5.32), this band has a bathochromic shift of 17 nm in comparison to SA17, as consequence of
the extension in the conjugation on the bridge. Additionally Q bands are also observed 582 (log
€ =4.87) and 652 (log ¢ = 4.64). Fluorescence emission at 655 nm for SA17 (Aexc= 456 nm) and
at 668 nm for SA18 (Aexc= 474 Nm) were observed.
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Figure 133. Normalized absorption spectra (solid line) and fluorescence emission (dash line) of
SA17 (right, Aexc= 456 nm) and SA18 (left,(dash line, Aexc= 474 nm) in THF solution (10-6 M)

Table 23. UV-Vis Absorption, Fluorescence Emission2 and OSWVP data for compounds SA17
and SA18

Dye Amax/  log & hem Elox/V E2x/V  Elred/V Enomo Eiumo  EgleVve

nm /nm leve levd

SAl7 | 640 4.80 655 0.26 0.49 -1.72 -5.36 -3.38 1.98
584 4.59
456 5.59

SA18 | 652 4.64 668 0.21 0.53 -1.43 -5.31 -3.67 1.64
582 4.19
473 5.32

3SA17: 8.43 x 106 M, THF; SA18: 7.98 x 10 M, THF; P [10° M] in THF versus Fc/Fc+, glassy carbon, Pt
counter electrode, 20 °C, 0.1 M BusNCIOg4, scan rate = 100 mV s%; ¢ Calculated using equation Exomo (VS.

vacuum) = -5.1 - Eox (vs. Fc/Fct) in eV;%8 9 ELumo was calculated using Elred. © Enomo-ELumo

2.7.3 Electrochemical properties

Electrochemical techniques were employed to measure the oxidation and reduction of the
dyes SA17-18 and before their HOMO and LUMO orbitals were calculated (Table 23, Figure
251, Figure 134 and Figure 135).

The square wave voltammetry in THF of SA17 and SA18 show the first oxidation peak at
0.23 and 0.26 V respectively (vs Fc/Fc*), assigned to the porphyrin core. The second oxidation
processes are attributed to the thiophene linker units and the third oxidation corresponded to
the triphenylamine moieties. Therefore from the oxidation potentials were deduced Enomo
values of -5.36 eV and -5.31 eV for SA17 and SA18 respectively, indicating that the

regeneration is energetically feasible by I/Is~ (Eredox = -4.75 €V).
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The square wave voltammetry of SA17-18 show the first reduction potentials at -1.72 V and
-1.43 V respectively. Moreover Erumo values of -3.38 for SA17 and -3.67 for SA18 indicate that
efficient electron injection into the TiO2 conduction band (Etioz = -4.00 eV) is energetically

possible as well.
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Figure 134. Square Ware Voltammetry plot (cathodic window) of compounds SA17 (solid line)
and SA18 (dash line) (referred to Fc/Fc*)
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Figure 135. Square Ware Voltammetry plot (anodic window) of compounds SA17 (left) and
SA18 (right) (referred to Fc/Fc*)

2.7.4 Photovoltaic properties
DSSCs devices were fabricated in collaboration with Prof. Emilio Palomares at the Institute

of Chemical Research of Catalonia (ICIQ). Two different sets of porphyrin sensitized solar cells

were prepared changing the sensitized time: overnight (ON) and 4 hours (4h).
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Figure 136. J-V of DSSCs SA17-18

The sensitized overnight in both dyes allow higher Jsc. SA17 ON shows similar FF (~70%)
and Voc (~0.6V) that SA13, moreover Jsc of SA17 ON is lower (5.6 mA cm?) that Jsc of SA13
(12.3 mA cm?) and this parameter influence in the PCE affording 6% for SA13 and a lower
2.6% for SA17 (Table 24). The devices values are not favorable, probably as consequence of
the alkyl groups near to the anchor group, these long chains do not allow the anchorage of the
molecules, also it has lower surface with TiO2, and therefore less voltage and photocurrent, due

to the tri-iodide electrolyte reaching the TiO2 surface more easily.

Table 24. Measured parameters for optimized DSSCs

Dye* Voc (V) Jsc(mA cm?) FF (%) PCE (%)
SA17 (ON) 0.648 5.61 74 2.67
SA17 (4 h) 0.623 4.59 70 2.01
SA18 (ON) 0.572 2.88 72 1.19
SA18 (4 h) 0.583 3.47 70 1.43

* All devices were fabricated with LP1 electrolyte, (the same that was used in SA13-14)

170



PORPHYRINS FOR DYE-SENSITIZED SOLAR CELLS (DSSCS)

2.8 Chapter 2. Summary

Six new dyes porphyrins with structure AsB were synthesized and characterized by 'H and
I3C-NMR, FT-IR spectroscopies, MALDI-MS spectrometry and TGA. Furthermore, absorption
spectra of all the dyes showed the typical porphyrin pattern, with an intense Soret band and Q
bands. In order to gain insight the oxidation and reduction properties, electrochemical values
were measured and HOMOs and LUMOs were determined. Additionally the performance of
these dyes in DSSCs was measured.

D = B---A

/@ CeH430 OCgH13
L, 19591

¢ .

s
I

triphenylamine  4_(hexyloxy)-N-(4-hexyloxy phenyl)-N-phenylaniline

B
CsHyq
csH14
CeH13z
CeH1s { : /S | —E@—%
> s
< S

3,4-dihexylthiophene (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene) 44-dihexyl-4H-cyclopenta[2,1-b:3,4- ~ Benzene
b'ldithiophene

A

COOH

NC
j —COOH

cyanoacetic acid carboxylic acid
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Table 25. Donor, bridge and acceptor moieties of SA13-18 porphyrins
D
Swe

© %‘Q% —COOH SA13

B A Molecules

—COOH SAl4

COOH

NC
j SA15

COOH

NC
j SA16

—COOH SAl7

—COOH

SA18

In order to analyze the behavior of porphyrins with different D donor moieties and carboxylic
acid as anchoring group; the absorption spectra, electrochemical properties and photovoltaic
performance of porphyrin with triphenylamine moieties (SA13) and porphyrin with 4-(hexyloxy)-
N-(4-hexyloxy phenyl)-N-phenylaniline moieties (SA14) were described in section 2.5. Dyes
SA13-14 were measured in DSSCs devices employing I/l and Co(ll)(pheno)s/Co(lll)(pheno)s
electrolytes. Optimized sensitization times were found to depend on the electrolyte used with
devices based on I/ls- showing better efficiencies with shorter sensitization times (1.5 hours)
while those based on Co(ll)(pheno)s/Co(lll)(pheno)s showed better efficiencies with longer
sensitization times (6 hours). . The absorption spectra indicate that there is roughly twice as
much dye loaded onto the TiO2 film sensitized for 6 hours. The experimental Voc for both
devices was similar (0.62 V), and FF was similar as well (67% for SA13 and 70% for SA14).
Nevertheless, Jsc was higher for those porphyrins with triphenylamine moieties, achieving a
higher PCE.

The general trending of different B bridges in porphyrins carrying triphenylamine groups was

studied, employing the same D moiety and A acceptor (see Table 26). The absorption spectra
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of SA17-18 and SA15-16 were analyzed (See Figure 137). The spectra of triphenylamine
substituted porphyrin  with arylcarboxylic acid and 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene as bridge (SA18) exhibited a broader absorption than that of triphenylamine
porphyrin with arylcarboxylic acid and 3,4-dihexylthiophene as bridge (SA17). The Soret band
of SA18 showed a red-shifted of 15 nm respecting to that of SA18. In addition, the spectra of
SA15-16 showed a broader due to the higher conjugation.

Table 26. Synthesized Porphyrins with different B bridges and same D donor and A acceptor.

D B A Molecules

C6H13 \ ‘
@ /@ - | g —COOH SA17
N

| —COOH
S SA18

COOH

NC
\
j SA15

COOH

NC
\
j SA16
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Figure 137. Normalized spectra of triphenylamine porphyrins with carboxylic acid and different
bridges (left) and triphenylamine porphyrins with cyanoacrylic acid and different bridges (right).
Bridges: 3,4-dihexylthiophene (black), 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’ldithiophene (blue)
and (E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene (red)

HOMO levels were calculated from the data afforded by the electrochemical results; those
porphyrin having triphenylamine, 3,4-dihexylthiophene as bridge and cyanoacrylic acid as
acceptor, SA15, showed a lower HOMO than that with cyanoacrylic acid as acceptor and E)-
1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as bridge, SA16, as was expected. Additionally
triphenylamine substituted porphyrin with benzoic acid as terminal group, SA13, showed a
lower HOMO than triphenylamine porphyrin with carboxylic acid and 3,4-dihexylthiophene as
bridge SA17, followed by triphenylamine porphyrin with 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene SA18 (see Table 16). Consequently, the higher voltage should be expected for

SA15 and the lower for SA18 as experimental data confirms (vide infra, Table 3).

Table 27. HOMO levels and photovoltaic parameters of triphenylamine functionalized

porphyrins with different bridges and acceptor groups (SA 15-18).

Molecule HOMO" Voc (V)  Jsc (MA FF PCE
cm?) (%)  [Highest](%)

SA152 -5.50 0.684 12.30 71 6.0

SA1l6P -5.36 0.574 12.35 70 5.0

SA13¢ -5.43 0.624 10.09 67 4.19

SA172 -5.36 0.648 5.61 74 2.67

SA18¢ -5.31 0.572 2.88 72 1.19

“calculated by Eromo= —5.1 eV- Elox. Bridges: 23,4-dihexylthiophene P E)-1,2-bis(3,4-dihexylthiophen-2-
yl)ethylene ¢ benzene, ¢ 4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b'dithiophene

The photovoltaic parameters were measured. However, the devices were tested in different
conditions, and this comparison is only a general reference to study the behavior of

triphenylamine based porphyrins with different B bridges. Experimental Voc of triphenylamine-
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porphyrin with 3,4-dihexylthiophene as bridge SA15 showed a higher value than triphenylamine
porphyrin with E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethane SA16, as was expected. In the case of
triphenylamine porphyrins with carboxylic acid and different bridges, SA18 with 4,4-dihexyl-4H-
cyclopental2,1-b:3,4-b'ldithiophene as bridge showed the lowest Voc of these kind of
porphyrins, as was expected. Nevertheless, SA13 and SA17 showed a different behavior, and
Voc for porphyrin SA13 with benzene as bridge (0.62 V) was lower than for porphyrin SA17 with
3,4-dihexylthiophene as bridge (0.65 V).

Jsc showed similar values (~12.3 mAcm-) for those porphyrins with cyanoacrylic acid and
3,4-dihexylthiophene as bridge SA15 and E)-1,2-bis(3,4-dihexylthiophen-2-yl)ethylene as bridge
SA16, specific details were described in the section 2.6.5. For porphyrins with arylcarboxylic
acid, triphenylamine porphyrin with benzoic acid. SA13. showed a higher Jsc than porphyrin with
3,4-dihexylthiophene4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b"ldithiophene as  bridge SA18.
Probably, porphyrin with arylbenzoic acid showed a better anchoring with the TiO2 and therefore
the alkyl groups near to the carboxylic acid interrupt the anchoring achieving a worse current.
Then, FF showed similar values for all the porphyrins (between 67% and 72 %) indicating a
good morphology of the devices. Finally, a remarkable PCE of 6.0 % was achieved with SA15.
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2.9 Conclusions

VI.

Six new dyes based on porphyrin with structure D-n-A were designed, synthesized

and properly characterized by spectroscopic techniques.

The performance of all new porphyrin based systems in DSSCs devices was
evaluated.

Devices with triphenylamineporphyrin, 3,4-dihexylthiophene as bridge and
cyanoacrylic acid as anchoring group, SA15, exhibited 0.68 Voc and 12.30 mA cm?
Jsc achieving the higher PCE (6%), in comparison to the other devices.

Triphenylamineporphyrin devices with carboxylic acid as anchoring group achieved
better Jsc (10.09 mA cm2) with benzene as bridge, SA13, than devices with 3,4-
dihexylthiophene as bridge, SA15, (5.61 mA cm?) and porphyrins with 4,4-dihexyl-
4H-cyclopenta[2,1-b:3,4-b"ldithiophene as bridge SA18 (2.88 mA cm?).

Triphenylamineporphyrin devices with cianoacrylic acid or carboxylic acid as
anchoring group and 3,4-dihexylthiophene as bridge, showed a higher Voc (0.68 V
and 0.64 V, respectively) in comparison to the other devices with values between
0.57 and 0.57 V.

FF of all prepared devices showed excellent values, between 67 and 72%.
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2.10 Experimental details of chapter 2
2.10.1 General Experimental Details of chapter 2

Materials

Synthetic procedures were carried out under inert argon atmosphere, in dry solvent unless
otherwise noted. All reagents and solvents were reagent grade and were used without further
purification. Chromatographic purifications were performed using silica gel 60 SDS (particle size
0.040-0.063 mm).

Instruments

Analytical thin-layer chromatography was performed using Merck TLC silica gel 60 F254.
1H-NMR spectra were obtained on Bruker AV-400 (400 MHz) spectrometer. Chemical shifts are
reported in parts per million (ppm) relative to the solvent residual peak (CDCls, 7.27 ppm; THFgs,
1.73 ppm, 3.58 ppm). 13C-NMR chemical shifts are reported relative to the solvent residual peak
(CDCls, 77.00 ppm, THF-ds, 67.57 ppm, 25.37 ppm). UV-Vis measurements were carried out on
a Shimadzu UV 3600 spectrophotometer. For extinction coefficient determination, solutions of
different concentration were prepared in CH2Cl;, HPLC grade or THF HPLC grade, with
absorption between 0.1-1 of absorbance using a 1 cm UV cuvette. The emission measurements
were carried out on Cary Eclipse fluorescence spectrophotometer. Mass spectra (MALDI-TOF)
were recorded on a VOYAGER DE™ STR mass spectrometer using dithranol as matrix. The
thermal stability was evaluated by TGA on Mettler Toledo TGA/DSC Start® System under
nitrogen, with a heating rate of 10 °C/min. Heating of crystalline samples leads to melting of the

solids, but no recrystallization was observed.

2.10.2 Experimental details of the devices of DSSCs

SA13 and SA14

Highly transparent thin films of 4-8 um were used for L-TAS measurements and UV-Vis
absorption studies. Efficient DSSCs devices were prepared using 4 ym or 8 uym thick films
consisting of 20 nm TiO2 nanoparticles (Dyesol paste) for Co(ll)(pheno)s/Co(lll)(pheno)s and I

/I3~ electrolytes respectively.

Scatter layer of 4 ym of 400 nm TiO:2 particles (Dyesol paste) was then deposited on these
films. Prior to the deposition of the TiO2 paste the conducting glass substrates were immersed
in a solution of TiCla (40 mM) for 30 min and then dried. The TiOz nanoparticle paste was
deposited onto a conducting glass substrate (NSG glass with 8 Q cm2 resistance) using the
screen printing technique. The TiO2 electrodes were gradually heated under airflow at 325°C for
5 min, 375°C for 5 min, 450°C for 15 min and 500°C for 15 min. The heated TiO: electrodes

were immersed again in a solution of TiCls (40 mM) at 70°C for 30 min and then washed with
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ethanol. The electrodes were heated again at 500°C for 30 min and cooled before sensitization.
In order to reduce scattered light from the edge of the glass electrodes of the dyed TiO: layer, a
light shading mask was used on the DSSCs, so the active area of DSSCs was fixed to 0.16
cm?. The counter electrode was made by spreading a 5 mM solution of H2PtCls in isopropyl
alcohol onto a conducting glass substrate (TEC15, Pilkington) with a small hole to allow the
introduction of the liquid electrolyte using vacuum, followed by heating at 390°C for 15 min. Dye
solutions of SA13 and SA14 at concentrations of 0.2 mM in chlorobenzene were prepared and
films immersed for different periods of time at r.t. The sensitized electrodes were washed with
chlorobenzene and dried under air. Finally, the working and counter electrodes were
sandwiched together using a thin thermoplastic (Surlyn) frame that melts at 100°C. The
iodide/tri-iodide electrolyte used consisted of 0.6 M 1-butyl-3-methylimidazolium iodide (BMI),
0.1 M lithium iodide, 0.05 M iodine and 0.5 M 4-tert-butylpyridine in a 1:1 mixture of
acetonitrile/valeronitrile.  The  cobalt electrolyte consisted of 0.2 M  tris(1,10-
phenanthroline)cobalt(Il)(TFSI)2 0.02 M tris(1,10-phenanthroline)cobalt(ll)(TFSI)s, 0.1 M lithium
perchlorate and 0.5 M 4-tert-butylpyridine in a 85:15 mixture of acetonitrile/valeronitrile. The

cobalt complexes were synthesized as reported elsewhere.

Reference devices containing YD2-0-C8 dye were made by sensitizing overnight films
consisting of 8 ym transparent and 4 pm scatter TiOz in 0.3 mM ethanol solutions containing 0.3
mM chenoxydecholic acid. The electrolyte consisted of 1 M 1-butyl-3-methylimidazolium iodide
(BMII), 0.05 M lithium iodide, 0.03 M iodine, 0.1 M GuNCS and 0.5 M 4-tert-butylpyridine in

85:15 mixture of acetonitrile/valeronitrile.

The IV characteristics of cells were measured using a Sun 2000 Solar Simulator (150 W,
ABET Technologies). The illumination intensity was measured to be 100 mW/m? with a
calibrated silicon photodiode. The appropriate filters were utilized to faithfully simulate the AM
1.5G spectrum. The applied potential and cell current were measured with a Keithley 2400
digital source meter. The IPCE (Incident Photon to Current conversion Efficiency) was
measured using a homemade set up consisting of a 150 W Oriel Xenon lamp, a motorized

monochromator and a Keithley 2400 digital source meter.5®

SA15 and SA18

The working electrodes for the best devices were made using 8 um thick transparent
mesoporous TiO2 and 4 um thick TiO2 layer, so-called 8+4, deposited onto fluorine-doped tin-
oxide glass (FTO, Pilkington Glass Inc., with 15 Ohms/square sheet resistance). The counter
electrode was fabricated using the same FTO with a thermalized Pt layer from H2PtCls (8% in
water). The subsequent steps to prepare the complete devices, as well as the photocurrent vs

voltage (IV curves).

Photo-induced charge extraction was carried out as described in SA13. In brief, white light

from a series of LEDs was used as the light source. When the LEDs were turned off, the cell
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was immediately short-circuited and the charge was extracted, thus allowing the electron
density in the cells to be calculated. By changing the intensity of the LEDs, the electron density
can be estimated as a function of cell voltage. In photo-induced transient photovoltage (TPV)
measurements, in addition to the white light applied by the LEDs, a diode pulse (660 nm, 10
mW) was applied to the sample to induce a change of 2-3 mV within the cell. The resulting
photovoltage decay transients were collected and the T values were determined by fitting the
data to the equation exp(-t/T).
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2.10.3 Synthetic procedure and experimental details
2.10.3.1  Experimental details in the synthesis of SA13 and SA14

General procedure for P4 and P5

To a solution of corresponding (diphenylamino)benzaldehyde (3 eq), pyrrol (4 eq) and 3-
(trimethylsilyl)propynal (1 eq) in CHCIs (100 mL/mmol), under argon and degassed, was added
BF3(OEt)2 (0.9 eq). The mixture was allowed to stir under argon for 3 hours. Then, DDQ (2.8 eq)
was added and stirring for one hour; after addition of EtsN (2 mL) for 30 min, the solvent was
removed by rotary evaporation and the product was purified by column chromatography (silica
gel, Hex:CHCls, 1:1).

Synthesis of [10,15,20-tri(N,N-diphenylaniline)-5-ethynyltrimethylsilane] porphyrin
(P4)

A solution of (diphenylamino)benzaldehyde (11.0 mmol, @ @
3.00 g), pyrrol (147 mmol, 1.02 mg) and 3- )
(trimethylsilyl)propiolaldehyde (3.7 mmol, 0.547 mL), reacted O
according to the general procedure, affording the product was Q Q
obtained as a green solid (0.51 mmol, 600 mg, 14% yield). *H- C}N ) @ ) b
NMR (400 MHz, CDCls) &/ppm: 9.69 (d, J = 4.7 Hz, 2H,), 9.05
(d, J = 4.7 Hz, 2H), 8.96 (d, J = 4.7 Hz, 2H), 8.93 (d, J = 4.7 !ms
Hz, 2H), 8.07 (dd, J = 8.5, 6.4 Hz, 6H), 7.49 (d, J = 8.5 Hz, 6H), 7.45-7.42 (t, J = 7.0 Hz, 24H),
7.20-7.15 (m, 6H), 0.64 (s, 9H), -2.31 (s, 2H). 8C-NMR (100 MHz, CDCIs) &/ppm: 147.77,
147.74, 147.59, 135.68, 135.59, 135.52, 135.34, 129.51, 129.22, 124.90, 123.33, 122.12,
121.32, 121.17, 120.92, 107.16, 101.63, 98.57, 0.35. MS (m/z) (MALDI-TOF): calculated for

Cr9He1N7Si: 1135.48; found: 1135.50 (M+). FT-IR v/cm™: 3315, 3058, 3030, 2954, 2137, 1595,
1492, 1328, 1313, 1270, 848, 798, 749, 695.

Synthesis of [10,15,20-tri(N,N-(bis(4-hexyloxy)phenyl)aniline)-5-
ethynyltrimethylsilane]porphyrin (P5)

From 4-(N,N-di-4-(hexyloxy)phenylamino) C6H130\©\ Q/ocsm
benzaldehyde (6.3 mmol, 3.00 g, 3 eq),% pyrrol (8.5 N
mmol, 0.6 mL, 4 eq) and . O oCt

(trimethylsilyl)propiolaldehyde (2.1 mmol, 0.31 mL, 1 Q @
eq) reacted according to the general procedure N O % O N
affording the product P5S as yellow solid (0.23 mmol,

397 mg, 11% vyield). H-NMR (400 MHz, CDCly) | = I
d/ppm: 9.65 (d, J = 4.7 Hz, 2H), 9.04 (d, J = 4.7 Hz,
2H), 8.94 (d, J = 4.7 Hz, 2H), 8.92 (d, J = 4.7 Hz, 2H), 7.98 (dd, J = 8.6, 6.1 Hz, 6H), 7.39-7.34

(m, 12H), 7.30 (t, J = 8.6 Hz, 6H), 7.00-6.95 (m, 12H), 4.00 (dd, J = 12.6, 6.6 Hz, 12H), 1.87-

OCgH13
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1.78 (m, 12H), 1.54-1.46 (m, 12H), 1.41-1.35 (m, 24H), 0.96-0.92 (s, 18H), 0.63 (s, 9H), -2.27
(s, 2H). 3C-NMR (100 MHz, CDCls) &/ppm: 155.73, 148.47, 140.65, 140.61, 135.52, 133.55,
133.18, 127.12, 122.60, 117.95, 117.76, 115.40, 107.36, 101.28, 98.12, 68.25, 31.62, 29.33,
25.78, 22.63, 14.07, 0.40. MS (m/z) (MALDI-TOF): calculated for CiisH133N7O6Si: 1736.01;
found: 1736.00 (M+). FT-IR vicm: 3314, 2951, 2927, 2857, 2137, 1599, 1504, 1469, 1239.

General procedure for porphyrin metalation

To a solution of corresponding porphyrin P4 or P5 (eq) in CHCIs (84 mL/mmol), under
argon, Zn(OAc)2x 2 H20 (5 eq) in MeOH (2.5 mL/mmol) was added. The mixture was stirred at
room temperature overnight. The reaction was quenched with water and the mixture extracted
with CHCIs (3 x 50 mL). The combined organic extracts were washed with H20 and dried over
anhydrous MgSOa4. The solvent was removed under reduced pressure and the product was
purified by column chromatography (silica gel, Hex:CHCls, 1:1).

Synthesis of [10,15,20-tri-(N,N-diphenylaniline)-5-ethynyltrimethylsilane] porphinato
zinc () (P4S)

From P4 (0.22 mmol, 250 mg), reacted according to the
general procedure, affording the product P4S as a green solid
(0.21 mmol, 251mg, 95% yield). H-NMR (400 MHz, CDCls)
d/ppm: 9.79 (d, J = 4.7 Hz, 2H), 9.14 (d, J = 4.7 Hz, 2H), 9.07
(d, J = 4.7 Hz, 2H), 9.05 (d, J = 4.7 Hz, 2H), 8.10-8.05 (m, 6H),
7.49 (t, J = 8.4 Hz, 6H), 7.46-7.43 (t, 24H), 7.19-7.14 (m, 6H),
0.66 (s, 9H). 18C-NMR (100 MHz, CDCIs) &/ppm: 150.04,
149.94, 147.85, 147.82, 147.36, 136.32, 135.40, 135.32, ©/N\©
132.23, 131.79, 130.93, 129.48, 124.81, 123.21, 122.93, 121.82, 121.36, 121.26, 107.66,
101.12, 99.37, 0.41. MS (m/z) (MALDI-TOF): calculated for Cz9HsoN7SizZn: 1197.39; found:
1197.60 (M+). FT-IR v/icm: 3060, 3030, 2955, 1924, 2853, 2138, 1589, 1490, 1329, 1315,
1280, 996, 842, 699.

Synthesis of [10,15,20-tri-(N,N-(bis(4-hexyloxy)phenyl)aniline)-5-
ethynyltrimethylsilane]porphinato zinc (Il) (P5S)

From porphyrin P5 (0.13 mmol, 230 mg), reacted Coltis® OCsHis
according to the general procedure, was obtained the \©\N/©/
product as green solid (0.12 mmol, 217 mg. 91% |cewo
yield). *H-NMR (400 MHz, CDClz) &/ppm: 9.75 (d, J =
4.7 Hz, 2H), 9.13 (d, J = 4.7 Hz, 2H), 9.05 (d, J = 4.7
Hz, 2H), 9.03 (d, J = 4.7 Hz, 2H), 7.98 (dd, J = 8.6, 7.0
Hz, 6H), 7.36 (dd, J = 9.0, 5.8 Hz, 12H), 7.30 (t, J = 8.6
Hz, 6H), 6.95 (dd, J = 9.0, 6.7 Hz, 12H), 3.97 (dd, J = 13.0, 6.5 Hz, 12H), 1.85-1.75 (m, 12H),

OCgH13

CeH130 OCgHy3
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1.54-1.45 (m, 12H), 1.41-1.35 (m, 24H), 0.95-0.91 (m, 18H), 0.63 (s, 9H). 3C-NMR (100 MHz,
CDCls) &/ppm: 152.45, 150.88, 150.17, 150.07, 148.27, 140.81, 140.77, 135.29, 135.23,
134.06, 132.99, 132.22, 131.73, 130.68, 127.00, 123.37, 122.15, 118.03, 117.91, 115.42,
107.95, 100.87, 98.47, 68.28, 31.62, 29.32, 25.77, 22.63, 14.07, 0.43. MS (m/z) (MALDI-TOF):
calculated for Ci1sH131N70eSiZn: 1797.92; found: 1798.50 (M+). FT-IR v/icm™: 2954, 2951,
2854, 2138, 1604, 1503, 1235.

General procedure for Sonogashira coupling

To a solution of the corresponding porphyrin P4S or P5S (1 eq) in CH2Cl2 (200 mL/mmol),
TBAF (1.25 mmol, 1M in THF) was added under argon. The solution was stirred at room
temperature for 1 hour. The mixture was quenched with H20 and extracted with CH2Clz (3 x 50
mL). The combined organic layer was dried over anhydrous MgSO4 and the solvent was
removed under reducer pressure. The residue and 4-iodobenzoic acid (5 eq) were dissolved in
dry THF (200 mL/mmol) and EtsN (120 mL/mmol). The solution was degassed with argon for 15
min, Pdz(dba)s (0.3 eq) and AsPhs (2 eq) were added to the mixture and the solution was
refluxed over night. The solvent was removed under reduced pressure. The product was
purified by column chromatography (silica gel, CHClz: MeOH, 95:5).

Synthesis of [10,15,20-tri(N,N-diphenylaniline)-5-carboxyphenylethynyl-porphyrinato]
zinc (1) (SA13)

Using the general procedure to SA13 previously
described, P4S (0.22 mmol, 247 mg) and TBAF (0.27
mmol, 0.27 mL) reacted in 44 mL of CH2Clz, in the next
step the product reacted with 4-iodobenzoic acid (1.1
mmol, 272 mg) in 44 mL of THF and 26 mL of EtsN. The
product SA13 was obtained as a green solid (0.15 mmol,
173 mg, 70% vyield). 1H-NMR (400 MHz, CDCls/ds-pyridine)
d/ppm: 9.80 (d, J = 4.6 Hz, 2H), 9.09 (d, J = 4.6 Hz, 2H),
8.97 (d, J = 4.6 Hz, 2H), 8.94 (d, J = 4.6 Hz, 2H), 8.34 (d, J
= 8.3 Hz, 2H), 8.11 (d, J = 8.3 Hz, 2H), 8.05 (t, J = 8.3 Hz, 6H), 7.70-7.64 (m, 4H), 7.57-7.52 (m,
2H), 7.49-7.38 (m, 24H), 7.16-7.11 (m, 6H). 3C-NMR (100 MHz, CDCls/ds-pyridine) 5/ppm:
207.05, 152.81, 152.28, 150.68, 149.80, 147.91, 147.09, 137.04, 132.94, 132.74, 132.10,
132.00, 131.92, 131.89, 131.41, 131.06, 130.25, 130.08, 128.52, 128.40, 124.64, 121.67,
121.41, 121.33. MS (m/z) (MALDI-TOF): calculated for CssHssN7O2Zn: 1245.37; found: 1245.40
(M+). FT-IR v/icm™: 3436, 3061, 3031, 2956, 2924, 2186, 1738, 1589, 1405, 1330, 1316, 1278,
1173, 698.
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Synthesis of [10,15,20-tri(N,N-(bis(4-hexyloxy)phenyl)aniline)-5-5-carboxy-
phenylethynyl-porphyrinato] zinc (II) (SA14)

Using the general procedure to P5S (0.13 mmol, CsH130\©\ /©/OCGH13
224 mg) and TBAF (0.16 mmol, 0.16 mL) reacted in N
26 mL of CHz2Clz2. Then the intermediate product and |¢,,
4-iodobenzoic acid (0.65 mmol, 161 mg) in 26 mL of Q
THF and 16 mL of EtsN was added to Pdz(dba)s (0.03
mmol, 36 mg) and AsPhs (0.26 mmol, 80 mg). The
product SA14 was obtained as a green solid (0.08
mmol, 141 mg, 63% yield). H-NMR (400 MHz, §
CDCls/ds-pyridine) &/ppm: 9.71 (d, J = 4.5 Hz, 2H), °SH”OQ \©\°°6””
9.03 (d, J = 4.5 Hz, 2H), 8.90 (d, J = 4.5 Hz, 2H), 8.87 (d, J = 4.5 Hz, 2H), 8.27 (d, J = 6.8 Hz,
2H), 8.03 (d, J = 6.8 Hz, 2H), 7.90 (dd, J = 8.5, 6.7 Hz, 6H), 7.30-7.19 (m, 24H), 6.91-6.86 (m,
6H), 3.93-3.88 (m, 12H), 1.72 (q, J = 6.7 Hz, 12H), 1.45-1.37 (m, 12H), 1.31-1.24 (m, 24H), 0.83
(t, J = 7.0 Hz, 18H). 3C-NMR (100 MHz, CDCls/ds-pyridine) &/ppm: 207.01, 155.58, 152.19,
150.87, 149.94, 149.90, 148.03, 140.87, 140.83, 135.70, 135.21, 134.76, 131.94, 131.02,
130.08, 126.91, 123.40, 123.16, 122.91, 118.04, 117.92, 115.37, 97.37, 95.06, 68.21, 31.58,
30.86, 29.32, 25.75, 22.62, 14.04. MS (m/z) (MALDI-TOF): calculated for Ci19H127N7OsZn:
1845.90; found: 1846.40 (M+). FT-IR v/icm: 3424, 3120, 3039, 2852, 2927, 2859, 2185, 1799,
1688, 1603, 1503, 1467, 1314, 1278, 1240, 1167, 998, 828, 794.

CeH130

2.10.3.2 Experimental details in the synthesis of SA15 and SA16

Synthesis of A6

Using the general procedure to Sonogashira coupling
previously described, P4S (0.13 mmol, 100 mg), C1 (0.27
mmol, 109 mg), 4 mL of EtsN in 21 mL of THF was added
over a mixture of Pdz(dba)s (0.02 mmol, 20 mg) and AsPhs
(0.22 mmol, 54 mg). The product A8 was obtained as a
green solid (107 mg, 0.076 mmol, 83% yield). *H-NMR (400
MHz, CDCls) &/ppm: 9.90 (s, 1H), 9.73 (d, J = 4.7 Hz, 2H),
9.16 (d, J = 4.7 Hz, 2H), 9.05 (d, J = 4.7 Hz, 2H), 9.03 (d, J ©N©
= 4.7 Hz, 2H), 8.07 (t, J = 8.7 Hz, 6H), 7.50-7.42 (m, 6H), 7.49-7.38 (m, 24H), 7.16-7.11 (m,
6H), 2.97 (m, 2H), 2.78 (m, 2H), 1.94 (m, 2H), 1.72-1.62 (m, 4H), 1.50-1.46 (m, 4H), 1.41-1.36
(m,6), 0.95 (t, J = 7.1 Hz, 3H), 0.88 (t, J = 7.1 Hz, 3H). 13C-NMR (100 MHz, CDClz) &/ppm:
181.67, 152.00, 151.26, 151.16, 151.00, 147.87, 147.84, 147.69, 147.52, 137.18, 136.17,
136.00, 135.38, 135.34, 133.27, 132.44, 132.00, 130.35, 129.53, 124.91, 123.32, 122.45,
121.33, 121.26, 32.27, 31.86, 31.54, 30.95, 29.86, 29.39, 28.60, 22.81, 22.61, 14.15, 14.12. MS
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(m/z) (MALDI-TOF): calculated for CesH77N7OSZn: 1403.52; found: 1403.90. FT-IR v/cm:
2957, 2922, 2855, 1652, 1590, 1489, 1318, 1282, 996, 696.

Synthesis of A7

Using the general procedure to Sonogashira
coupling previously described, P4S (0.11 mmol, 130
mg), C2 (0.33 mmol, 225 mg), 5 mL of EtsN in 25 mL of
THF was added over a mixture of Pdz(dba)s (0.03
mmol, 30 mg) and AsPhs (0.22 mmol, 67 mg). The
product A9 was obtained as a green solid (135 mg,
0.080 mmol, 80% yield). *H-NMR (400 MHz, CDCls/ds-
pyridine) 8/ppm: 9.84 (s, 1H), 9.78 (d, J = 4.6 Hz, 2H), ©N©
9.14 (d, J = 4.6 Hz, 2H), 9.03 (dd, J = 4.6, 6.7 Hz, 4H), 8.07 (dd, J = 7.6, 9.7 Hz, 6H), 7.49 (d, J
= 8.6 Hz, 6H), 7.45-7.41 (m, 24H), 7.32 (d, J = 15.5 Hz, 1H), 7.19-7.13 (m, 6H), 7.08 (d, J =
15.5 Hz, 1H), 3.13 (dd, J = 6.0, 10.0 Hz, 2H), 2.77 (t, J = 7.0 Hz, 2H), 2.74 (t, J = 7.0 Hz, 2H),
2.61 (dd, J = 6.0, 10.0 Hz, 2H), 2.00 (q, J = 7.0 Hz, 2H), 1.78-1.52 (m, 12H), 1.46-1.33 (m, 18H),
1.02-0.86 (m, 12H). 3C-NMR (100 MHz, CDCIz) d/ppm: 181.82, 152.97, 151.85, 150.78,
150.28, 149.90, 148.34, 147.89, 147.86, 147.46, 146.82, 142.77, 141.93, 137.17, 136.30,
136.18, 135.38, 134.78, 132.94, 138.28, 131.96, 130.47, 129.52, 124.86, 123.28, 122.91,
122.18, 121.40, 121.31, 119.24, 118.90, 32.30, 31.95, 31.71, 31.66, 31.57, 31.25, 29.93, 29.50,
29.42, 27.58, 27.12, 22.84, 22.72, 22.70, 22.60, 14.24, 14.18, 14.10. MS (m/z) (MALDI-TOF):
calculated for Ci111H10sN70S2Zn: 1679.71; found: 1680.10. FT-IR v/cm™: 3030, 2952, 2921,
2850, 1650, 1589, 1487, 1311, 1276, 995, 696.

General procedure for Knoevenagel condensations with cyanoacetic acid

To a solution of A8-A9 (1 eq) in CHCIs (40 mL/mmol), were added cyanoacetic acid (1.5 eq)
and piperidine (0.1 eq). The reaction mixture was refluxed, under argon, during 18 h. After
removing the solvent, the residue was purified by column chromatography using silica gel in
CHCI3:MeOH 10:1 mixture as the eluent.

Synthesis of SA15

Using the general procedure to Knoevenaguel
condensation previously described, to a solution of A8
(0.04 mmol, 60 mg) in 1.6 mL of CH2Cl;, was added
cyanoacetic acid (0.13 mmol, 11 mg). SA15 was obtained
as a green solid (0.038 mmol, 56 mg, 89% vyield). TH-NMR
(400 MHz, THF-ds) &/ppm: 9.72 (d, J = 4.2 Hz, 2H), 9.06 (s
broad, 2H), 8.94-8.90 (m, 4H), 8.54 (s, 1H), 8.05(d, J=8.1
Hz, 6H), 7.45 (d, J = 8.1 Hz, 6H), 7.40-7.39 (m, 24H), 7.13-7.96 (m, 6H), 3.29 (m, 2H), 3.00 (m,
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2H), 2.08 (m, 2H), 1.77 (m, 2H), 1.61-1.50 (m, 6H), 1.47-1.41 (m, 6H), 0.98 (s broad, 3H), 0.87
(s broad, 3H). 3C-NMR (125 MHz, THF-ds) 8/ppm: 151.59, 150.75, 150.55, 148.82, 148.79,
148.24, 147.13, 137.78, 137.62, 136.24, 133.38, 132.47, 131.99, 130.47, 130.11, 125.48,
125.45, 124.01, 123.90, 123.85, 122.80, 121.99, 121.82, 32.84, 32.69, 32.57, 31.80, 31.55,
30.58, 30.44, 30.28, 23.51, 23.45, 14.34. MS (m/z) (MALDI-TOF): calculated for
CosH7sNsO2SZn: 1470.53; found: 1470.96. FT-IR vicm: 3419, 3068, 3033, 2955, 2925, 2155,
1600, 1495, 1386, 1317, 1282, 698.

Synthesis of SA16

Using the general procedure to Knoevenaguel
condensation previously described, in a solution of
A9 (0.078 mmol, 130 mg) in 3 mL of CH2Cl2, was
added cyanoacetic acid (0.23 mmol, 20 mg). SA16
was obtained as a green solid (110 mg, 0.063
mmol, 82% vyield). H-NMR (400 MHz, THF-ds)
d/ppm: 9.73 (d, J = 4.4 Hz, 2H), 9.05 (d, J = 4.4 Hz,
2H), 8.94-8.91 (m, 4H), 8.45 (s, 1H), 8.06 (t, J = 8.6
Hz, 6H), 7.45 (t, J = 8.6 Hz, 6H), 7.41-7.38 (m, 25H), 7.30 (d, J = 15.4 Hz, 2H), 7.13-7.09 (m,
6H), 3.24 (m, 2H), 2.91 (m, 2H), 2.82 (m, 6H), 2.07 (m, 2H), 1.78 (m, 4H), 1.65 (m, 4H), 1.56 (m,
8H), 1.50-1.36 (m, 18H), 1.03-0.93 (m, 9H), 0.89 (t, J = 7.2 Hz, 3H). 13C-NMR (125 MHz, THF-
ds) d/ppm: 151.45, 150.85, 150.47, 148.83, 148.80, 148.44, 148.21, 137.86, 137.74, 136.25,
136.22, 133.09, 132.36, 132.02, 130.48, 130.11, 125.46, 125.45, 123.87, 123.86, 122.55,
121.99, 121.85, 32.75, 32.50, 32.43, 32.30, 32.01, 31.90, 30.60, 30.45, 30.13, 30.07, 29.95,
23.55, 23.46, 23.40, 14.41, 14.37. MS (m/z) (MALDI-TOF): calculated for Ci1aH106NsO2S2Zn:
1746.72; found: 1747.17. FT-IR v/icm™: 3389, 3059, 3032, 2950, 2932, 2924, 2855, 1595, 1564,
1491, 1386, 1277, 978, 796, 752, 691.

2.10.3.3 Experimental details in the synthesis of SA17 and SA18

General procedure for oxidation reaction

At 0°C to a solution of the aladehyde (1eq) in dryed acetone (217 mL/mmol) was added
slowly NaClO:z (3.0 eq), then was added drop to drop a mix of NH2SOzH (3.0 eq) in 21 mL/mmol
of water, the mixture was stirred during 4 hours at room temperature. The reaction was
quenched with a saturated solution of chloride acid (0.1M), stirring for 1 hour and extracted with
CH2Cl.. The combined organic phases were dried over anhydrous MgSO4 and filtered. The

solvent was removed by rotary evaporation.
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Synthesis of SA17

Using the general procedure for oxidation, previously @ @
described, NaClO2 (0.65 mmol, 60 mg) was added in a 1
solution of A8 (0.22 mmol, 124 mg) in 48 mL of dryed
acetone, then was added NH2SOsH (0.65 mmol, 63 mg) in 5
mL of water. The product was purified by column
chromatography (silica gel, CHCIs: MeOH 95:5). SA17 was
obtained as green solid (174 mg, 0.12 mmol, 53%). *H-NMR
(400 MHz, CDCI®) d/ppm: 9.74, (d, J = 4.46 Hz, 2H), 9.01,
(d, J= 4.46 Hz, 2H), 8.95(d, 4.46 Hz, 4H), 8.10-8.06 (m, 6H), 7.47 (t, 8.4 Hz, 6H), 7.42-7.39 (m,
24H), 7.12-7.19 (m,6H), 3.23 (t, J = 7.37 Hz, 2H), 3.12(t, J = 7.37 Hz, 2H), 2.08 (m,4H), 1.54 (t,
4H), 1.43 (m, 6H), 1.30 (m, 2H), 0.97 (m, 2H), 0.89 (t, J = 7.19 Hz, 4H). 3C-NMR (100 MHz,
CDCIz) &/ppm: 152.69, 151.64, 150.33, 148.84, 148.89, 148.14, 147.43, 137.88, 137.82,
136.44, 133.58, 131.57, 131.20, 130.37, 130.21, 125.44, 125.26, 124.10, 123.95, 123.55,
122.99, 120.99, 34.64, 32.70, 32.55, 31.95, 31.35, 31.08, 30.94, 30.19, 16.14. MALDI-TOF MS
(m/z): calculated for CosH77N702SZn:1419.52, found: 1419.51 (M+). FT-IR v/icm: 3695, 3536,
3463, 3054, 3035, 2950, 2923, 2850, 2310, 2167, 1589, 1488, 1322, 1280, 1180, 1065, 998,
802, 755.

Synthesis of SA18

Using the general procedure for oxidation,
previously described, NaClO2 (0.55 mmol, 50 mg) was
added in a solution of A9 (0.18 mmol, 269 mg) in 39
mL of dryed acetone, then was added NH2SO:zH (0.5
mmol, 53 mg) in 4 mL of water. The product was
purified by column chromatography (silica gel, CHClIs:
MeOH 95:5). SA18 was obtained as green solid (131
mg, 0.09 mmol, 48%). H-NMR (400 MHz, CDCls)
d/ppm: 9.76, (d, J = 4.46 Hz, 2H), 9.09, (d, J = 4.46
Hz, 2H), 8.95 (d, 4.46 Hz, 4H), 8.08 (m, 6H), 7.79 (s, 2H), 7.41 (m, 30H), 7.12 (m,6H), 2.11 (m,
6H), 1.31 (m, 14H), 0.91 (m, 6H). 3C-NMR (100 MHz, CDCls) 8/ppm: 158.74, 151.73, 150.69,
150.04, 149.71, 148.01, 147.42, 137.09, 136.92, 135.52, 134.85, 132.35, 131.61, 131.27,
129.84, 129.36, 126.02, 124.99, 124.71, 123.12, 122.69, 121.74, 121.13, 99.36, 98.42, 90.19,
78.66, 78.34, 78.00, 54.26, 37.95, 32.10, 31.75, 29.87, 29.70, 26.40, 22.87, 22.70, 13.57.
MALDI-TOF MS (m/z): calculated for CesH79N702S2Zn: 1513.50, found: 1513.40 (M+). FT-IR
vlcm1; 3517, 3472, 3070, 3035, 2950, 2917, 2850, 2351, 1589, 1488, 1392, 1326, 1276, 1065,
998, 790.
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Figure 138. 'H-NMR spectrum (400 MHz, CDCls) of C1
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Figure 139. FT-IR spectrum of C1
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Figure 140. *H-NMR spectrum (400 MHz, CDClIs) of C2
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Figure 141. FT-IR spectrum of C2
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Figure 142. *H-NMR spectrum (400 MHz, CDCls) of of 5,15-bis-(2,4,6-
trimethylphenyl)porphyrin
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Figure 143. 'H-NMR spectrum (400 MHz, CDCls) of [5,15-dimesitylporphyrinato] zinc
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Figure 144. *H-NMR spectrum (400 MHz, CDCIs) of [5,15-dibromo-10,20-
dimesitylporphyrinato] zinc (11)
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Figure 145. H-NMR spectrum (400 MHz, CDCls) of [5,15-bis-(trimethylsilyl)ethynyl)-
10,20-dimesitylporphyrinato] zinc (ll), P1
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Figure 146.13C-NMR spectrum (100 MHz, CDCls) of [5,15-bis-(trimethylsilyl)ethynyl)-
10,20-dimesitylporphyrinato] zinc (1) (P1)
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Figure 147. 'H-NMR spectrum (400 MHz, CDCls) of Al
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Figure 148. 'H-NMR spectrum (400 MHz, CDCls) of A2
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Figure 149. 13C-NMR spectrum (100 MHz, CDClz) of Al
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Figure 151. *H-NMR spectrum (400 MHz, CDCIs) of SA1
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Figure 152. *H-NMR spectrum (400 MHz, CDCIs) of SA2
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Figure 153. 13C-NMR spectrum (100 MHz, CDCIz) of SA1
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Figure 154. 13C-NMR spectrum (100 MHz, CDCIs) of SA2.
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Figure 155. FT-IR spectra of compounds Al (left) and A2 (right) (KBr)
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Figure 157. MALDI-MS spectrum of compound SA2 (Matrix: Dithranol)
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Figure 158. Emission spectrum of compounds A2 and SA2 (solid line Aexc = 486nm, dash
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Figure 159. OSWYV of compounds SAL1 (left) and SA2 (right) (cathodic window)
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Figure 160. *H-NMR spectrum (400 MHz, CDCls) of SA3
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Figure 163. 13C-NMR spectrum (100 MHz, CDCIs) of SA4
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Figure 166. MALDI-MS spectrum of compound SA4 (Matrix: Dithranol)
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Figure 169. *H-NMR spectrum (400 MHz, CDCI3) of BTCCHO

206



EXPERIMENTAL PART/ ADDITIONAL INFORMATION CHAPTER 1

wwwwwwwwwwwwwwww
mmmmmmmmmmmmmmmm

HHHHHHHHHHHHHHHH

=\

9.84
—7.57
_——7.217
—7.17

Figure 170. *H-NMR spectrum (400 MHz, CDCIs) of C3

mmmmmmmmmmmmm
wwwwwwwwwwwww

HHHHHHHHHHHHH

\ NINWY &

—9.64
T9.63
= 7.57
_7.33

__—9.79
___-8.78
TT~18.77
__—17.62
T~—7.27

L

Figure 171. *H-NMR spectrum (400 MHz, CDCIs3) of A3

37—
33—
e
12.70 =
10.16>—
22 60
22.60
6.03 >—
9.27 >=—
_Zeel

207



ADDITIONAL INFORMATION CHAPTER 1

€T"

7L
00T —

GL®

T1et
‘91
‘8¢t
'8¢t
T0€T

.ﬁma/

s
At
‘1¢
"1C
44

[44

py ——

‘6¢

"6C
‘6¢
s
43

‘8¢

‘vs

16

66 —

p =

T€T

LT~
9T ——~
"8¢€T
6T
PYT
LYT
05T
16T
65T
291

AN

8T

10 ppm

L.

20

30

40

50

60

T T
110 100 90 80

T
120

T
130

T
140

T
150

T T T
180 170 160

T
190

Figure 172. 13C-NMR spectrum (100 MHz, CDCIls) of A3
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Figure 173. 13C-NMR spectrum (100 MHz, CDCIs) of SA5
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Figure 174. 13C-NMR spectrum (100 MHz, CDCls) of SA6.
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Figure 175. MALDI-MS spectrum of compound SA5 (Matrix: Dithranol)

Figure 176. MALDI-MS spectrum of compound SA6 (Matrix: Dithranol)
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Figure 177. FT-IR spectra of compounds SA5 and SA6
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Figure 178. A) Normalized UV-Vis absorption spectra of compounds SA6 (solid line) and precursors
A3 (dash line) and P1 (dot line). B) Fluorescence spectra were recorded in CH2Clz, exciting at the

maxima of absorption (Aexc= 539 nm for SA5 (solid line), and Lexc= 530 nm for SA6 (dash line))
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Figure 179. OSWYV of compounds SA5 (left) and SAG6 (right) referred to Fc/Fc*)
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Figure 180. OSWYV of compounds SA5 (left) and SA6 (right) (cathodic window)
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Figure 181. *H-NMR spectrum (400 MHz, CDCIs) of 1,3-dihexyloxybenzene
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Figure 182. 'H-NMR spectrum (400 MHz, CDCIs) of 2,6-dihexyloxybenzaldehyde
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Figure 183. 'H-NMR spectrum (400 MHz, CDCI3) of P4
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Figure 184. 'H-NMR spectrum (400 MHz, CDCIs) of P4S
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Figure 185. H-NMR spectrum (400 MHz, CDClz) of A4
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Figure 186. 13C-NMR spectrum (100 MHz, CDCIs) of A4
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Figure 187. FT-IR spectrum of A4
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Figure 188. *H-NMR spectrum (400 MHz, CDClIz) of SA7
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Figure 189. 13C-NMR spectrum (100 MHz, CDClz) of SA7

215



ADDITIONAL INFORMATION CHAPTER 1

mmmmmmmmmmmmmmmmmmm

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

S T

VI~ H N~ NI~ O M oMM MO0~ N O 0
RAMOMONNN®AMONOS NS ONN o o w© DOV HN T O DO WO N N ®©

DO A O N O T HONO DM O OO LD N O+ e e e e e e e e e e e e e e e
R e e e I B R L e B R R R R R R R R — © MMM O NN NN NN NN

SSIIWEET L TR

, JM“IM L | M

Figure 191. 13C-NMR spectrum (100 MHz, CDCIs) of SA8
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Figure 193. Mass spectrum of SA8
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Figure 201. 13C-NMR spectrum (100 MHz, CDCI3) of SA10
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Figure 202. OSWYV plot of compounds SA7-SA10
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Figure 205. OSWYV of SA7-SA10, referred to Fc/Fc* (cathodic window)
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Figure 207. FT-IR spectrum of P3
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Figure 211. MALDI-TOF mass spectrum and isotopic distribution of SA11 (left) and SA12

(right)
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Figure 213. Cyclic voltammetry SA11 (left) and SA12 (right), (anodic window)
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Figure 214. *H-NMR spectrum (400 MHz, CDCIs) of compound P4S
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Figure 216. 13C-NMR spectrum (100 MHz, CDCIs) of compound P4
o™ ~ N~ N W N OWLWwOo © o]
~ < ©Oonw- O NN~ @ N N wn N 0O M ~
[T} o COWM®M NANdNND ~ o N @0~ e <
n < TS OMOM ™M N NN A A A o o o) - 1 N <
- - L R I ] e R e I — -t O © MmN NN -
‘. J ‘ {' L - ) |
T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 217. 13C-NMR spectrum (100 MHz, CDCIs) of compound P5
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Figure 218. 13C-NMR spectrum (100 MHz, CDCIs) of compound P4S
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Figure 219. 13C-NMR spectrum (100 MHz, CDCIs) of compound P5S
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Figure 220. MALDI-MS spectrum of compound P4 (Matrix: Dithranol)
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Figure 221. MALDI-MS spectrum of compound P5 (Matrix: Dithranol).
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Figure 224. *H-NMR spectrum (400 MHz, CDCIz) of compound SA13
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Figure 225. 'H-NMR spectrum (400 MHz, CDCIs3) of compound SA14
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Figure 226. H-NMR spectrum (400 MHz, CDCI3) of compound SA13
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Figure 227. 13C-NMR spectrum (100 MHz, CDCIs) of compound SA14
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Figure 228. MALDI-MS spectrum of compound SA13 (Matrix: Dithranol)
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Figure 229. MALDI-MS spectrum of compound SA14 (Matrix: Dithranol)
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Figure 230. FT-IR spectrum of compound P4, KBr
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Figure 231. FT-IR spectrum of compound P5, KBr
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Figure 232. FT-IR spectrum of compound P4S, KBr
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Figure 233. FT-IR spectrum of compound P5S, KBr
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Figure 234. *H-NMR spectrum (400 MHz, CDCIs) of compound P4

L ——

260
260
€60
¥6°0
60
960
960
9e'T
9E'T
18T
LET
8e'T
6E'T
or't

6v'T
18T
es'T
6L°T
08'T
08'T
8T
€8'T
€8T
¥8'T
S8'T
18T
86'¢
66€
10"
[40h4
969
969
169
869
669
669
00°L
8¢,
0g'L
e€eL
S€L
SeL
9g°L
LE°L
pAA
8gL
8eL
16°L
L6°L
86,
66°L
008
008
268
€68

BN e e

L

I

ppm

Figure 235.*H-NMR spectrum (400 MHz, CDCls) of compound P5
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Figure 236. Normalized UV-Vis absorption spectra of compounds P4 (left) and P5 (right) in

CH2Cl2
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Figure 237. Normalized UV-Vis absorption spectra of compounds P4S (left) and P5S (right)
in CH2Cl2
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Figure 238. FT-IR spectrum of compound SA13 (left) and SA14 (right), (KBr)
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Figure 239. UV-Vis absorption spectrum of compound SA13 (left) and SA14 (right) in
CH2Cl2, 1.28 x 105 M and 1.19x10° M respectively
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Figure 240. MALDI-MS spectrum of compound A8 (Matrix: Dithranol)
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Figure 241. MALDI-MS spectrum of compound A9 (Matrix: Dithranol)
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Figure 242. *H-NMR spectrum (400 MHz, CDClIz) of compound A8
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Figure 243. 'H-NMR spectrum (400 MHz, CDCIls) of compound A9
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Figure 244. 13C-NMR spectrum (100 MHz, CDCIz) of compound A8
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Figure 245. 13C-NMR spectrum (100 MHz, CDClIz) of compound A9
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Figure 246. MALDI-MS spectrum of compound SA15 (Matrix: Dithranol)
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Figure 247. MALDI-MS spectrum of compound SA16 (Matrix: Dithranol)
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Figure 248. FT-IR spectra of compounds SA17 (left) and SA18 (right) (NaCl window)
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Figure 249. MALDI-MS spectrum of compound SA17 (Matrix: Dithranol)
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Figure 250. MALDI-MS spectra of compound SA18 (Matrix: Dithranol)
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Figure 251. Cyclic Voltammetry (cathodic window) of compounds SA17 (rigth) and SA18
(left) (referred to Fc/Fc*)
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