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ABSTRACT

In times of fossil fuel shortage, increasing crude oil prices, as well as rejection of
conventional energy, sustainable energy forms become more and more the focus of
attention. Hydropower, wind power, geothermal power, or biomass processing are
but a few of these sustainable resources.

Another important source for renewable energy is solar power. Photovoltaics and
solar thermal collectors are most widely used. Nowadays, dye-sensitized solar cells
(DSSCs) have attracted much attention due to their low-cost production and high
power conversion efficiencies. They are also called Gratzel cells, named after the
Swiss chemist Michael Gratzel who was greatly involved in the development of new
cell types.

Among various sensitizers for DSSCs, numerous research activities have been
focused on porphyrins due to their strong absorption bands in the visible region,
versatile modifications of their core, and facile tuning of their electronic structures.
Porphyrins, like the chlorophylls in plants, are used as antennae to harvest light so as
to be converted to electrical energy by DSSCs. In 2005-2007, Officer and Gratzel et
al. had achieved a rapid increase in the power conversion efficiency of porphyrin
DSSCs from a few percent to as much as 7%. Encouraged by these pioneering works,
further high-performance porphyrin dyes have been developed in the last decade.
These studies have provided us profound hints for the rational design of sensitizers
toward highly efficient DSSCs. Push—pull structures and/or m-extensions have made
porphyrins panchromatic in visible and even near-infrared regions. Consequently,
porphyrin sensitizers have exhibited power conversion efficiencies that are
comparable to or even higher than those of well-established highly efficient DSSCs
based on ruthenium complexes.

In this perspective, this thesis presents the synthetic design of Zn-Porphyrins as
sensitizers for highly efficient DSSCs. Two complexes are synthesized, one of which
via "click" reaction in order to establish whether "Click chemistry" is suitable for
synthesizing dyes for converting solar energy. Both complexes are going to be tested
on DSSCs in order to understand their efficiency as dyes.



MEPINHWH

Y€ eplodoug ENEWPNG OPUKTWY KOUCIHMWY, alénong Twy TIHWV TOU aKOTEPYOOTOU
netpelaiou, KaBw¢ katl TG amoppudng TwV CUPBATIKWY TINYWV EVEPYELAC, BLWOLUEC
HopdEG evépyelag yivovtal OAO Kal TIEPLOCOTEPO TO EMIKEVIPO TNG MPOooxnG. H
USPONAEKTPLKN EVEPYELQ, OULOALKN) EVEPYELQ, YEWBEPULKN €VEpYela, N emefepyaoia
™G Blopalag eival HOvo HEPLKA o aUTA BLWOLLWY TIOPWV.

MoAARl ONUAVTIKNA Yl XPRoN WC OVAVEWOCLUN TNy €VEPYELOG €lval KoL N nNALOKA
evépyela. Ta dwtoBoAtaikd kal oL NAtaKol CUAAEKTEG XPNOLUOTIOLOUVTOL EUPEWG.
IAUEPQ, oL NALAKEG KUPEALSEC PpwTogvaloBnTOMOLOUUEVNG XPWOTIKN G (DSSCs) €xouv
TPOCEAKUOEL TNV TPOCOX AOYyw Tou XapnAoU KOOTOUG Ttapaywyng TOUG Kol TNG
QMOTEAECUATIKOTNTAG TOUG OTn Metatpory uPnAng woxvog. Ektog amd DSSCs,
ovopalovtal eniong kuPeAideg Gratzel, Aoyw tou EABetol xnuikoU Michael Gratzel
0 omoiog eixe eumAakel oe peyaho Pabud otnv avamtuén VEwv TUMWV NALAKWV
KU EASWV.

Metafl twv Stadopwv svatoBntomontwy yla ta DSSCs, €xouv mpaypatonolnBet
TIOAUAPLOUEG EPEVVNTIKEG SPACTNPLOTNTEG UE ETUKEVIPO TIG TOPdUPIVES, AOyw TwV
oxupwv wvwv amoppodnong TOUC OTNV Oopatr TEPLOX, TOU EUEAIKTA
TPOTIOTOL GOV TTUPAVA TOUGC, KAl TNG EUKOANG PUBULONG TwV NAEKTPOVIAKWY SOUWY
Touc. OL mopdupiveg, OMwG Kal oL YAwPodUAAEG ota UTA, XPNOLLOTIOLOUVTAL WE
KEPOLEC HE OKOTO va amoppodrioouv ¢wC WOTE va UETOTPONEL O NAEKTPLKN
evépyela amod ta DSSCs. Itnv mepiodo 2005-2007, ou Officer kal Gratzel et al.
métuxav avénon t¢ anodoong tng UETATPOMNAG Loxuog twv DSSCs mou €depav
nopdupivn. Efaltiag autwv Twv €vOAPPUVTIKWY  OTOTEAECUATWY, E€XOUV
KOTOOKEVAOTEL apKeTEC mopdupivec uPnAng anddoong, tnv teAeutaia dekaetia. Ot
HUEAETEG OUTEC MOG £XOUV TIPOOGDEPEL YVWOELG Yla TOV 0pBoAoykO oxeSlaopd Twv
svawodntormointwv  ywa vPnAic amddoong DSSCs. Aopég push-pull kaiy/f -
ETEKTAOELG £XOUV OUMPBAAEL 0TO oXeSLAOUO TOPHUPLVWV TIOU ELvaL TTOYXPWHOTLKEG
TOOO0 OTO 0pATO 00O KAl 0TO €YYUG UTEPUBpPO pdoua. Katd cuveénela, oL mopdupiveg
w¢ dwtoevalobntonolntég mapouaotdlouv uPnAn anoddoon UETATPOTNAG EVEPYELAG
TIOU €lval ouykplolun A akoun Kat uPnAotepn os oxéon Ue autoug ou Baoilovtat
o€ cUUMAOKa Tou pouBnviou.

Itnv mapouoa SUTAWUATIKN £pyaocio mapouoclaletal n ouvBeon mopdupLVWV TOU
Peudapyupou yla xprion os uPnAng amodoong DSSCs. To éva amo ta SUo cUUTAOKA
ouvtéBnke péow "KAK'" avtidpaon evw to AAAO XwpLS, TpokeLpévou va SlamiotwOetl
Katd mocov n  "kKAk  xnuela" elvat  kat@dAAnAn ywa Tt olUvBeon
dwtoevaloOnTomoNTwY yla HeTATPOT TNG NALOKNG evépyelag. Kat ta Svo
oUMIAOKa TPOKELTAL va Sokipaotouv o DSSCs poKeELPHEVOU val VIVEL KaTtavontn N
OTTOTEAECOTIKOTNTA TOUC WG XPWOTIKEG 0 NALAKEC KU EALSEC.
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1. INTRODUCTION

1.1 PORPHYRINS

1.1.1 OVERVIEW

The word porphyrin is derived from the Greek word porphura meaning purple.
Porphyrin, in its various reduced, oxidized and metallated forms, plays a significant
role in a large variety of vital functions essential to living organisms. These include
oxygen transport and storage, respiration, photosynthesis, electron transport, drug
detoxification, hydrogen peroxide biochemistry, to name but a few. The biological
significance of the various derivatives of the porphyrin macrocycle has, in the fairly
recent past, become the focus of a multitude of studies by chemists, biochemists,
and physicians. In the past decade, porphyrin systems have also become probably
the most popular model with which to mimic many biological phenomena, as well as
being targets for commercial exploitation of several catalytic processes of a type
which are efficiently performed in nature, for example in the chemical
functionalization of hydrocarbons, transportation of oxygen, etc. The porphyrin
macrocycle also provides an excellent chelating ligand for a variety of metal ions
which can be studied in detail in order to reveal new features of inorganic and
organometallic chemistry, as well as a wealth of molecules for theoretical, physical,
and spectroscopic investigations.

1.1.2 THE CHEMICAL CHARACTERISTICS OF PORPHYRINS

The porphyrin ring is heterocyclic macrocycle organic structure, composed of four
modified pyrrole subunits interconnected at their a-carbon atoms via methine
bridges (=CH-). Its nitrogen atoms are facing the center of the molecule and they are
able to capture a metal ion in order to form a very stable organometallic complex
(Figure 1). When forming a complex, the metal ions accept six coordinating ligands
to assume an octahedral configuration (Figure 2). However, due to further research,
it was discovered that the structure of porphyrin can be affected either by the metal
ion or the peripheral ligands.
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Figure 1. The skeleton and the numbering of carbons of the porphyrin.

Figure 2. 3D illustration of a porphyrin complex.

Porphyrins have a highly stable configuration of single and double bonds as well as
an aromatic character which extents in its entire structure. They obey the Hiickel
rule (4n + 2) of aromaticity and they have 26 electrons, 18 of which are m electrons,
delocalized over the entire circumference of the porphyrin ring. All atoms of
nitrogen of the porphyrin ring are sp? hybridized, so all the bond lengths range from
134 -145pm and angles from 107° - 126°. Each sp? orbital has an electron able to
form o bond with two atoms of carbon while two of them four form a o bond, each,
with a hydrogen atom, as well. The lone pair of electrons occupying the p-orbital (1)
of nitrogen atom, which is perpendicular to the porphyrin ring, offers two electrons
in the conjugated system. The atoms of nitrogen which are not bonded with the p-
orbital (4) of hydrogen offer a lone pair of electrons to assembly with a metal. The p-
orbital (3) offers an electron to form m bond with the adjacent atom of carbon
(Figure 3).
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Figure 3. Porphyrin ring

1.1.3 REACTIONS OF PORPHYRINS.

The porphyrin rings are generally stable under strong acidic or basic conditions.
Strong bases such as alkoxides can remove two protons by the internal N atoms to
form a dianion, while the two free atoms of N can be protonated by acids such as
trifluoro acetic acid (TFA) to form a dication. The inner protons may also be replaced
by a metal.

Consequently, porphyrins are unsaturated tetra dented macrocyclic ligands which
can bind divalent metal ions that behave as Lewis acids by losing the two nitrogen’s
hydrogen atoms. The size of the porphyrin macrocycle is perfectly suited to bind
almost all metal ions forming metalloporphyrins which are essential for numerous
biochemical processes. The metallization can be reversible, and treatment with acid
can achieve demetallization of the porphyrin ring.

Hence, the porphyrin rings are capable of "taking" and "giving" electrons, and thus,
the processes of the first oxidation and the first reduction can be achieved with great
ease. The formed anions or cations are considered quite stable. These abilities of
light absorption and their easy redox make them the best energy transducers in
biological systems.

Due to the aromatic character of the porphyrin ring, they participate in radical
reactions and electrophilic substitution reactions such as halogenation, nitration,
sulphonation, acylation and formylation. There are two different sites on the
macrocycle where electrophylic substitution can take place with different reactivity.
These are the positions 5, 10, 15, 20, called meso and positions 2, 3, 7, 8, 12, 13, 17
and 18, called B-pyrrole positions (Figure 1). The meso positions have a greater
electron density, so they are more active. If the meso positions are occupied, beta
positions can also participate in electrophilic reactions.

11
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Figure 4. Molecular structure of porphyrin ring

1.1.4 PORPHYRINS AND SPECTROSCOPY

Due to their high conjugation of the mt electrons, porphyrins and their derivatives
absorb in the visible region of light which gives their color.

In the visible spectrum, their characteristic UV-visible spectra consist of two distinct
regions: the near ultraviolet and the visible region. Porphyrins have an intense
absorption band at 400nm called Soret Band, which is a result of the delocalization
of the porphyrin ring current. This band corresponds to the transition from the
ground state to the second excited state (SO - S2). In the 450- 800nm region, four
weaker bands appear which are responsible for the rich color of porphyrins, known
as Q Bands, and they are the result of a weak transition to the first excited state (SO
- S1).

The intensity and the wavelength of the absorption depend on the variation of the
peripheral substitutes and the protonation of the inner nitrogen atoms. The
structure of the free-base porphyrin, where protoniation of the two nitrogen atoms
occurs, results in four Q bands. In contrast, when the porphyrin macrocycle is
protonated or coordinated with any metal, the Q bands that appear are only two.

15 4
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Figure 5. UV-vis spectrum of porphyrin with the enlargement of Q region between 480-720 nm.

The aromatic character of porphyrins can be seen by NMR spectroscopy. The
extensive use of 'H as the basic NMR probe for large organic molecules such as
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porphyrins to the exclusion of other nuclei was originally dictated by the high
sensitivity of 'H as compared to that of the other elements present (carbon,
nitrogen and oxygen), which constitute the structural backbone.

Studies performed in the last decades demonstrated that 'H NMR spectra are very
informative and adequately reflect the structural features of porphyrins. The
presence of the extended delocalized 7~electron system of the porphyrin macrocycle
gives rise to a strong ring current in the molecules placed in the magnetic field. The
ring current causes anisotropic shielding of the protons located in the field of its
action and together with the diamagnetic component of paired c-electrons leads to
a substantial shift of their signals in the 'H NMR spectra. Due to the anisotropic
effect from the porphyrin ring current, the NMR signals for the deshielded meso
protons show up at low field (8 - 10 ppm), whereas the signals for the shielded
protons on the inner nitrogen atoms show up at very high field (-2 - -4 ppm).
Theoretical analysis of the 'H NMR spectra shows that the positions of the signals for
the protons of porphyrins are determined primarily by the strength of ring 7
electron currents.

Figure 6. *H NMR for free porphyrin ring

1.1.5 NOMENCLATURE OF PORPHYRINS

In total, a porphyrin ring has 20 carbon and four nitrogen atoms and is a conjugated
system of 18 it electrons. A porphyrin ring has the a-positions (1,4,6,9,11,14,16,19)
the B-positions (2,3,7,8,12,13,17,18) and meso-positions (5,10,15,20). The positions
of nitrogen atoms are named according to the numbers seen below 21, 22, 23, 24.
(Figure 7) The total number of substituents which may be present on the porphyrin
ring are denoted by the numerical prefixes di-, tri-, etc. The cis, trans prefixes are
used to denote the configuration of the porphyrin in space. The axial ligands can also
be characterized when we ascertained the layouts with the letters a and b, (where
‘a’ denotes below the planar of the porphyrin, while ‘b’ denotes above it).

13



© o-carbons
A [-carbons
O meso-carbons

Figure 7. Porphyrin ring numbered according to IUPAC.

1.1.6 PORPHYRINS IN NATURE

Porphyrin rings are often found in nature. They are the most favorite macrocycle ring
of nature because they are important in fundamental biological processes that
sustain life on the planet, such as photosynthesis and the transportation and storage
of oxygen in living organisms.

In the human body there are three forms of porphyrin: protoporphyrin (PROTO),
uroporphyrin (URO) and coproporphyrin (COPRO). Protoporphyrin has two isomers, |
and IX. The protoporphyrin IX corresponds to the heme molecule b, which can be
found in catalases, cytochrome b, globin and peroxidase. Heme c is distributed in
cytochrome c and oxidoreductases (Figure 8).

Figure 8. Chemical structures of hemes b and c
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Hemes molecules assembled with iron are the active sites of proteins hemoglobin
and myoglobin, which are responsible for the transportation and elimination of
oxygen in organisms.

In cytochromes enzymes, monoatomic oxygen binds to the iron of heme, displaying
various roles like hormones synthesis.

Derivatives of porphyrins in which one of the groups of pyrrole has been reduced
(pyrroline) are called chlorins. Magnesium-containing chlorins are called
chlorophylls. They ensure photosynthesis in plants by triggering photochemical
electron transfer events. The photosynthesis takes place in the chloroplast, where
the principal receptor is chlorophyll A. Related compounds, with two pyrroles and
two pyrrolines (where one double bond has been reduced to a single bond) in the
macrocycle are called bacteriochlorins and isobacteriochlorins.

Figure 9. Bacteriochlorins and Isobacteriochlorins

1.1.7 APPLICATIONS

The fascinating structures of naturally occurring porphyrins and metalloporphyrins
have been perfected by nature to give functional dyes par excellence. The important
roles these tetrapyrrolic macrocycles play in vital biological processes, in particular
photosynthesis (chlorophyll), oxygen transport (hemoglobin), oxygen activation
(cytochrome), have led to their characterization as 'pigments of life'. Because
porphyrins possess extended m-electron systems and exhibit stability, they are
finding use, to an increasing extent, in advanced materials, in molecular wires, and
other devices. In medicine, porphyrins are experiencing a renaissance due to the
advent of photodynamic therapy of great promise in the treatment of cancer and
dermatological diseases. The interdisciplinary interest porphyrins thus generate has
provided the impetus to develop Novel- porphyrin like molecules anticipated to
exhibit special properties, by structural variation of the tetrapyrrolic macrocycle,
while maintaining a (4n+2)m main conjugation pathway. In addition to their esoteric
application in science, porphyrins have been shown to have profound implications
for therapeutic purposes. Their photosensitizing properties have led to their
utilization in photodynamic therapy. Certain metalloporphyrins are being tested as
drugs. Metalloporphyrins are serving as SOD mimetics to combat oxidative stress
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and a range of metalloporphyrin complexes have been proposed as contrast agents
for magnetic resonance imaging.

Another field that has great interest in porphyrins is the development of DSSs (Dye-
sensitized solar cell). Porphyrins are widely used as photosensitizers in these
photoelectrochemical systems, both in p-type and n-type DSSCs. The porphyrins and
metalloporphyrins are also ideal for studying light harvesting systems), electron
transfer and catalytic oxidation and redox reactions. They may have both the roles of
the chromophore and the catalyst or be the photosensitizer coupled to a catalytic
moiety or to protein with catalytic properties.

1.2 DYE-SENSITIZED SOLAR CELLS (DSSC)

Photovoltaic devices are based on the concept of charge separation at an interface
of two materials of different conduction mechanism. The dye-sensitized solar cells
(DSSCs) provide a technically and economically credible alternative concept to
present day p—n junction photovoltaic devices. In contrast to the conventional
systems where the semiconductor assume both the task of light absorption and
charge carrier transport, the two functions are separated. A schematic presentation
of the operating principles of the DSSC is given in Figure 10. At the heart of the
system is a mesoporous oxide layer composed of nanometer-sized particles which
have been sintered together to allow electronic conduction to take place. The
material of choice has been TiO; (anatase) although alternative wide band gap
oxides such as ZnO, and Nb2Os have also been investigated. Attached to the surface
of the nanocrystalline film is a monolayer of the charge transfer dye. Photo-
excitation of the latter results in the injection of an electron into the conduction
band of the oxide. The original state of the dye is subsequently restored by electron
donation from the electrolyte, usually an organic solvent containing redox system,
such as the iodide/triiodide couple. The regeneration of the sensitizer by iodide
intercepts the recapture of the conduction band electron by the oxidized dye. The
iodide is regenerated by the reduction of triiodide at the counterelectrode and the
circuit is completed via electron migration through the external load. The voltage
generated under illumination corresponds to the difference between the Fermi level
of the electron in the solid and the redox potential of the electrolyte. Overall the
device generates electric power from light without suffering any permanent
chemical transformation

DSSC advantages:

e Low-light performance

e Optimised performance
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e Higher temperature performance
e Low energy manufacturing process
e Ecologically friendly solar

e Variety of substrates

e Versatile product integration

x e..
counter

CTO electrode CTO

Figure 10. Mechanism of DSSC

1.3 SYNTHESIS

Over the last century, the synthetic procedure of porphyrins has undergone great
changes. It is currently possible to synthesize any desirable porphyrin ring through
different methodologies and techniques depending on their symmetry features.
Some of the reactions used in these projects are shown below.

1.3.1 KNOEVENAGEL CONDENSATION

The Knoevenagel Condensation Reaction is a classic organic synthesis, described by
Emil Knoevenagel in the 1890’s. The Knoevenagel reaction is a modified Aldol
Condensation with a nucleophilic addition between an aldehyde or ketone, and an
active hydrogen compound in the presence of a basic catalyst, resulting in C—C bond
formation. The active hydrogen compound contains a C—H bond which can be

17



deprotonated by the basic catalyst. The reaction is usually followed by spontaneous
dehydration resulting in an unsaturated product.

H
base : ;
R—('%—R' " Z\CHZ Z—(:)—Z' dehydration Z_Cl;l_z
O 7 R-C-R’ R-C-R’
OH

Scheme 1. General illustration of Knoevenagel condensation.

Z, Z' (electron withdrawing groups) = CO2R, COR, CHO, CN, NO, etc.

Piperidine is used as a catalyst by activating the carbon atoms that take part in the
condensation. Knoevenagel’s use of primary and secondary amines, and their salts as
catalysts provided an early foundation for the study of aminocatalysts.

1.3.2 OXIDATION KORNBLUM

The Kornblum oxidation, named after Nathan Kornblum, involves the formation of
aldehydes by treatment of primary alkyl halides with dimethylsulfoxide and a
hydrogen acceptor.

DMSO, Et;N

X=Cl,Br, |

Scheme 2. General illustration of Kornblum oxidation.

1.3.3 CLICK REACTION

"Click Chemistry" is a term that was introduced by K. B. Sharpless in 2001 to describe
reactions that are high yielding, wide in scope, create only byproducts that can be
removed without chromatography, are stereospecific, simple to perform, and can be
conducted in easily removable or benign solvents.

Generally, click chemistry reactions include cycloadditions, nucleophilic ring
openings, carbonyl chemistry of non-aldol type and carbon—carbon additions. It finds
many applications in a great variety of fields, such as the chemistry of nanomaterials,
chemical biology, drug delivery, and medicinal chemistry.

Of the reactions comprising the click universe, the “perfect” example is the Huisgen
1,3-dipolar cycloaddition of alkynes to azides to form 1,4-disubsituted-1,2,3-triazoles
The copper(l)-catalyzed reaction is mild and very efficient, requiring no protecting
groups, and requiring no purification in many cases. The azide and alkyne functional
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groups are largely inert towards biological molecules and aqueous environments,
which allows the use of the Huisgen 1,3-dipolar cycloaddition in target guided
synthesis and activity-based protein profiling. The triazole has similarities to the
ubiquitous amide moiety found in nature, but unlike amides, is not susceptible to
cleavage. Additionally, they are nearly impossible to oxidize or reduce.

Scheme 3. General illustration of click reaction

1.4 ANALYTICAL CHEMISTRY TECHNIQUES

1.4.1 NUCLEAR MAGNETIC REASONANCE

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical chemistry
technique used in quality control and research for determining the content and
purity of a sample as well as its molecular structure. NMR can either
guantitatively analyze mixtures containing known compounds or be used to match
unknown compounds against spectral libraries or to infer the basic structure directly.
Once the basic structure is known, NMR can be used to determine molecular
conformation in solution as well as studying physical properties at the molecular
level such as conformational exchange, phase changes, solubility, and diffusion.
In order to achieve the desired results, a variety of NMR techniques are
available.

The principle behind NMR is that many nuclei have spin and all nuclei are
electrically charged. If an external magnetic field is applied, an energy transfer is
possible between the base energy to a higher energy level (generally a single
energy gap). The energy transfer takes place at a wavelength that corresponds
to radio frequencies and when the spin returns to its base level, energy is
emitted at the same frequency. The signal that matches this transfer is
measured in many ways and processed in order to yield an NMR spectrum for
the nucleus concerned.

1.4.2 VISIBLE AND ULTRAVIOLET SPECTROSCOPY

UV-Vis is a fast, simple and inexpensive method to determine the concentration of
an analyte in solution. It can be used for relatively simple analysis, where the type of
compound to be analyzed is known, in order to do a quantitative analysis to
determine the concentration of the analytes. The ultraviolet (UV) region scanned is
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normally from 200 to 400 nm, and the visible portion is from 400 to 800 nm. In UV-
Vis, a beam with a wavelength varying between 180 and 1100 nm passes through a
solution in a cuvette. The sample in the cuvette absorbs this UV or visible
radiation. The amount of light that is absorbed by the solution depends on the
concentration, the path length of the light through the cuvette and how well the
analyte the light absorbs at a certain wavelength. The fraction of light transmitted is
described by the Beer-Lambert law. The transmittance I/lo is an indication of the
concentration of the analyte in the sample. I/lo is defined as the transmittance (or
transmission) T. If there is no absorption of the light passing through the solution,
the transmittance is 100%.

The most-used term in UV-Vis spectrometry to indicate the amount of absorbed light
is the absorbance, defined as:

A=-logT=-log(l/lo).

A significant advantage of UV/Vis spectroscopy lies in the individual detection of
electron transfers without superimposition by neighboring vibrational bands.

1.4.3 FLUORESCENCE SPECTROSCOPY

Fluorescence spectrometry is a fast, simple and inexpensive method to determine
the concentration of an analyte in solution based on its fluorescent properties.
Fluorescence occurs when a fluorescent capable material (a fluorophore) after being
excited into a higher electronic state by absorbing an incident photon, returns to the
ground state by emitting a photon. The emission usually occurs from the ground
vibrational level of the excited electronic state and goes to an excited vibrational
state of the ground electronic state. Thus, fluorescence signals occur at longer
wavelengths than absorbance. The energies and relative intensities of the
fluorescence signals give information about structure and environments of the
fluorophores.

The fraction of the number of quanta absorbed by a molecule that are emitted as
fluorescence is termed the fluorescence quantum vyield (®F). Its determination
provides information concerning radiationless processes in molecules and, for
example, the determination of the potential of fluorophores in assays. In other
words, the quantum vyield gives the probability of e excited state being deactivated
by fluorescence rather that by another, non-radiative mechanism. Quantum yields
are measured either on a relative basis with reference to a standard or by using an
absolute method.
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1.4.4 HALF-LIFE TIME

The concentration of the reactants as well as the products can be determined at any
moment with the knowledge of time, initial concentration and rate constant of the
reaction. This is the reason why calculation of the half-life time of the reaction is
pretty significant. The time in which the concentration of the reactant is reduced to
one-half of the initial value is known as the half-life of a reaction and it is generally
denoted by ti/,. Half-life of reactions depends on the order of reaction and takes
different forms for different reaction orders.

Zero order reaction

In zero order reaction, the rate of reaction depends upon the zeroth power of
concentration of reactants. From the integrated rate equation for a zero order
reaction with rate constant, k, concentration at any time, t is expressed as,

A->B
[A] = =kt + [A]o
From the definition of half-life of a reaction, at t = ti2; [A] = [A]o/2
= = —kt12+ [Alo
= —kt1/2 = -[Alo/2
= t172 = [Alo/2k

Hence, from the above equation it is concluded that the half life of a zero order
reaction depends on initial concentration of reacting species and the rate constant,
k. It is directly proportional to initial concentration of the reactant whereas it is
inversely proportional to the rate constant, k.

First order reaction

In first order reaction, the rate of reaction depends upon the first power of
concentration of reactants. From the integrated rate equation for a first order
reaction with rate constant, k, concentration at any time, t is expressed as,

A->B
In [A] = -kt + In [A]o
From the definition of half-life of a reaction, at t = t1/2;[A] = [A]o/2
= In([Alo/2) = In [A]o = - kt12

= In [([Alo/2)/[Alo] = —kt1/2
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= In(1/2) = -kt
= t1/2 = In2/k
= t1/, = 2.303[(log102)/K]
= t1/2 = 0.693k

From the above equation, it is observed that the half life of a first order reaction is
independent of initial concentration. It only depends on the value of rate constant. It
is inversely proportional to the rate constant of the reaction.

Taking everything into consideration, it can be concluded that half life of a reaction
depends on the order of reaction in both zero and first order reactions.
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2. SCOPE OF THE THESIS

This thesis was inspired by previous literature references studying porphyrin
derivatives as sensitizers in DSSCs. Its purpose was to synthesize porphyrin
derivatives with Zn as a metallic center.

As side chains of the porphyrin ring three 1,3-bishexyloxybenzene molecules were
chosen, which are bulky and ensure that no aggregation will occur. The anchoring
group, by which the porphyrin is connected to the surface of TiO; of the solar cell, is
CNCOOH.

Overall, two porphyrin complexes were synthesized. Their only difference was their
architecture. The main product was Zn-3DoH-click-CNCOOH while the second one,
which will be used as a reference compound, was Zn-3DoH-CNCOOH. "Click
chemistry" was used in the main compound due to the fact that it was shown to be
suitable for sensitizers of DSSCs, by previous reports.

Furthermore, they were fully characterized through MALDI-tof and NMR along with
UV-Vis and Fluorescence spectrometry.

MHIC
Scheme 4. Zn-3DoH-CNCOOH

HOGOC

Scheme 5. Zn-3DoH-click-CNCOOH
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3. EXPERIMENTAL SECTION

All chemicals and solvents were purchased from usual commercial sources and used as
received, unless otherwise stated.

A magnetic stirring bar was used in order to obtain agitation in all the reactions which took
place.

All solvents used in Column Chromatography were detected by Thin-Layer Chromatography
(TLC).

3.1 Synthesis of Zn-Tris-(DoH-phenyl)-mono(4F,1N3,-phenyl)-Por

Zn(OOCCH,),2H,0

CH,Cl,/MeOH

Scheme 6. Synthetic route of Zn-Tris-(DoH-Phenyl)-mono(4F,1N3,-Phenyl)-porphyrin

To a CHCl; solution (40 ml) of Porphyrin (210 mg, 0,15 mmol), a MeOH solution (6
ml) of Zn(OAc),H,0 (341 mg, 1,51 mmol) was added and the reaction mixture was
stirred at room temperature overnight. The solvent was removed under reduced
pressure. The product was purified by column chromatography (silica gel, Petroleum
ether/DCM 8:2) resulting in 196 mg of a purple solid (a=94%). The excess of Zn was
removed as a white precipitate. The molecular weight was measured by MALDI-TOF
spectrometer (1392,03)
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3.2 Synthesis of Zn-Tris-DoH-click-CHO-Por (click reaction)

DIPEA, Cul
THF/CH,CN

Scheme 7. Synthetic route of Zn-Tris-DoH-click-CHO-Por

The reaction was carried out in a Schlenk flask under an argon atmosphere in order
to ensure dry conditions. All solvents are dry, as well.

Zn-Tris-(DoH-Phenyl)-mono(4F,1Ns,-Phenyl)-Porphyrin (70 mg, 0,0503 mmol), 4-
ethylynbenzaldehyde (9,8 mg, 0,0754 mmol), THF (2,5 ml), CH3CN (2,5 ml), DIPEA
(8,75 ul, 6,50 mg, 0,0503 mmol) and Cul (0,96 mg, 0,00503 mmol) as catalyst were
added and the reaction mixture was stirred at room temperature overnight. The
solvent was removed under reduced pressure. The product was purified by column
chromatography (silica gel, CH2Cl,/Hexane 6:4) resulting in 55 mg of a purple solid
(a=71,8%). The molecular weight was measured by MALDI-TOF spectrometer
(1522,17)
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3.3 Synthesis of Zn-Tris-DoH-click-CNCOOH-Por
(Condensation Knoevenagel)

NC

\
o) HOOC

Scheme 8. Synthetic route of Zn-Tris-DoH-click-CNCOOH

Zn-Tris-DoH-click-CHO-Por (40 mg, 0,026 mmol), cyanoacetic acid (10,4 mg, 0,105
mmol), THF (5 ml) and piperidine (8 ul) were added into a two-necked round bottom
flask which was equipped with a distillation head as well as a reflux condenser. A
pipette was attached to the distillation head, through which, nitrogen gas passed
until the reaction was finished. This is the reason why all compounds were in excess.
The flask was placed over a hot plate in an oil bath and the reaction mixture was
stirred at 65°C for 3h. Later, the reaction was monitored by TLC and when it was
converted to the desired product, the solvent was removed under nitrogen. The
product was isolated by column chromatography (silica gel, CH.Cl,/MeOH 7%) to
obtain 30 mg of a purple solid (a=72,6%). The molecular weight was measured by
MALDI-TOF spectrometer (1589,22).

UV/Vis (CH2Clp): Amax/nm (g/M**cm™): 430 (317.2), 550 (6.7)nm
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3.4 Synthesis of 1,3-Bishexyloxybenzene

1.K,CO;, DMF

HO OH P> C.H,..0 OC4H
2. 1-BrHexane s ers

Scheme 9. Synthetic route of 1,3-bishexyloxybenzene

Resorcinol (2 gr, 18,16 mmol), dry K,COs3 (10,03 gr, 72,64 mmol), dry DMF (8 ml)
were added into a two-necked screwed flask equipped with a distillation head. The
flask was placed over a hot plate in an oil bath and the reaction mixture was refluxed
at 60°C under nitrogen for 1h. Afterwards, 1-BrHexane (6,37 ml, 45,41 mmol) was
added and the reaction mixture was refluxed at 80°C overnight. The oil bath was
removed and distillation with cold trap was carried out when the mixture reached
room temperature. Extraction of the mixture took place with ethyl acetate and H;O.
The aqueous phase was discarded to waste while the organic one, which was placed
on the top of the flask, was distilled resulting in 5 g of a yellow oil (a=100%).

3.5 Synthesis of DoH-Benzaldeyde

CHs  cH,
N .
1. H;C CI)H ,EtOEt, n-BuLi
3
CsH130 OCBH13 > DMF > CGH13O OCGH13
\O

Scheme 10. Synthetic route of DoH-Benzaldeyde

Concerning this reaction, a three-necked round bottom flask equipped with a
septum, a three-way cock and a pressure-equalizing addition funnel was used. 1,3
bishexyloxybenzene (3 g, 10,775 mmol), N,N,N',N'-tetramethylethylene diamine (1,9
ml, 12,929 mmol) were added into the flask and the mixture was under vacuum and
nitrogen, alternately. Afterwards, the dry EtOEt solvent (45 ml) was added by a
syringe placed through the septum while the mixture was under nitrogen.
Ultrasound machine was placed under the flask and a new syringe with nitrogen gas
was attached to the septum. Hence, the mixture was degassed for 10min. After that,
the flash was placed in a cold bath and n-BulLi (6,9 ml, 10,990 mmol) was added
dropwise, by the pressure-equalizing addition funnel, over a 30min period. When n-
Buli was added, the reaction mixture was stirred at 0°C under nitrogen for 3h.

Subsequently, the cold bath was removed and the mixture was left to rest until it
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reached room temperature. DMF (1,3 ml, 16,809 mmol) was added dropwise and
the reaction carried on under nitrogen and stirring for 2h. 90 ml of distilled water
were added in order neutralization to occur and the mixture was left to stir for 15
min.

Extraction of the mixture took place with diethylether and H,O. The organic phase,
which was placed on the top of the flask, was distilled while the aqueous phase was
discarded to waste. Recrystallization of the compound occurred with n-Hexane (20
ml). The mixture was heated and placed in the fridge over night. Lastly, the solution
was filtered under vacuum resulting in 2.5 g of white crystals (a=76.2%).

3.6 Synthesis of DoH-dipyrromethane

1.pyrrole, InCl, Ceft130 OCefh1s

CeH130 OCegH13

X

2. NaOH

(6]

Scheme 11. Synthetic route of DoH-dipyrromethane

A pyrrole solution (45 ml, 652,66 mmol) of DoH-benzaldehyde (2 gr, 6,527 mmol)
was added into a two-necked flask equipped with a pipette. The mixture was
bubbled under argon and stirring for 10min. The pipette was removed and InCl3
(144,4 mg, 0,6537 mmol) was added. The reaction mixture was stirred under argon
for 4h. Neutralization occurred after the mixture reacted with pellets of NaOH
(783,1 mg, 19,580 mmol) for 1h. The mixture was filtered through a Buchner funnel,
over which a filter was placed in order to isolate the pellets, and it was washed with
pyrrole several times. The mixture was collected and placed in the freezer. Vacuum
distillation of the mixture with a cold trap and a two-necked round bottom flask
attached was carried out in order to remove the pyrrole solvent. The resulting solid
was filtered through a silica gel column eluted with CH,Clz/Hexane 7:3 resulting to a
yellow oil (1.8 g, a=65,3%).
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3.7 Synthesis of Tris-DoH-bromomethylbenzene-Por

1. BF;0Et,
2.DD
OCgHq3 + Q.
- CHl,
0 NS
o

Scheme 12. Synthetic route of Tris-DoH-Bromomethylbenzene

DoH-dipyrromethane (1 gr, 2,366 mmol), DoH-benzaldehyde (362,6 mg, 1,183
mmol), 4-bromomethylbenzaldehyde (235 mg, 1,183 mmol) and CHCls (250 ml) were
added into a two-necked round bottom flask and the mixture was bubbled under
nitrogen for 15min. BF30Et; (95 ul) was added and the reaction mixture was stirred
under nitrogen over a 24-hour period. DDQ (400 mg) was added and the mixture was
left stirring for 20h. The resulting product was filtered through a silica gel column
eluted with CHClsand it was was purified by column chromatography (silica gel with
small granules, Petroleum ether/ CHxCl; 1:1) resulting in 210 mg of a purple solid
(a=13,6%). The molecular weight was measured by MALDI-TOF spectrometer
(1308,61).

3.8 Synthesis of Zn-Tris-DoH-Bromomethylbenzene-Por

Br Zn(0OCCH,),2H,0
CH,Cl,/MeOH

Scheme 13. Synthesis of Zn-Tris-DoH-Bromomethylbenzene

To a CHCl; solution (12,7 ml) of Porphyrin (60 mg, 0,048 mmol), a MeOH solution
(1,9 ml) of Zn(OAc)2H20 (105,3 mg, 0,48 mmol) was added and the reaction mixture
was stirred at room temperature overnight. The solvent was removed under reduced
pressure. The product was purified by column chromatography (silica gel,
CHyCl/Hexane 6:4) resulting in 63 mg of a purple solid (a=96%). The molecular
weight was measured by MALDI-TOF spectrometer (1371,98).
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3.9 Synthesis of Zn-Tris-DoH-methylbenzaldehyde-Por
(Kornblum Oxidation)

NaHCO,
DMSO, 160°C

Scheme 14. Synthesis of Zn-Tris-DoH-methylbenzaldehyde

Zn-Tris-DoH-Bromomethylbenzene-Por (50 mg, 0,036 mmol), DMSO (4,69 ml),
sodium dicarbonate (12,2 mg, 0,145 mmol) were added into a schlenk and the
reaction mixtures was refluxed at 160°C for 1,5h. Ice and water were added into the
schlenk until purple precipitate was formed. The mixture was filtered with H,0 and
warm CHyCl,. Desiccant was added to the solid in order to absorb any water
molecules left and the solid was purified with CH.Cl,. At last, it was distilled until dry
solid. The product was isolated by column chromatography (silica gel, CH2Cl,/Hexane
6:4) to obtain 42 mg of a purple solid (a=89,3%). The molecular weight was
measured by MALDI-TOF spectrometer (1307,06).

3.10 Synthesis of Zn-Tris-DoH-CNCOOH-Por (condensation knoevenagel)

Scheme 15. Synthesis of Zn-Tris-DoH-CNCOOH

Zn-Tris-DoH-methylbenzaldehyde-Por (35 mg, 0,026 mmol), cyanoacetic acid (9,12
mg, 0,107 mmol), THF (2,77 ml) and piperidine (8,15 ul) were added into a two-
necked round bottom flask which was equipped with a distillation head as well as a
reflux condenser. A pipette was attached to the distillation head, through which,
nitrogen gas passed until the reaction was finished. This is the reason why all
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compounds were in excess. The flask was placed over a hot plate in an oil bath and
the reaction mixture was stirred at 65°C for 3h. Later, the reaction was monitored
by TLC and when it was converted to the desired product, the solvent was removed
under nitrogen. The product was isolated by column chromatography (silica gel,
CH:Cl, 98%/MeOH/EtOH) to obtain 28 mg of a purple solid (a=78,4%). The molecular
weight was measured by MALDI-TOF spectrometer (1374,11).

UV/Vis (CH,Cl2): Amax/nm (¢/M**cm™): 423 (399.7), 550 (15.6)nm
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4. RESULTS AND DISCUSSION

4.1 FLUORESENCE SPECTROMETRY
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Figure 11. Fluorescence spectra of Zn3DoH-click-CNCOOH
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Figure 12. Fluorescence spectra of Zn3DoH-CNCOOH

Compound Emission
Amax/nm (0] t/ns
Zn3DoH-click-CNCOOH 598, 646 0,031 1,52
Zn3DoH-CNCOOH 598, 646 0,039 1,56




4.2 UV-VIS SPECTROMETRY
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Figure 13. UV-Vis spectra of Zn3DoH-click-CNCOOH
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6.APPENDIX
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Figure 15. *H NMR spectrum of compound Zn-Tris-(DoH-Phenyl)-mono(4F,1Ns,-Phenyl)-Por
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Figure 16. Aliphatic region of *H NMR spectrum of compound Zn-Tris-(DoH-Phenyl)-mono(4F,1Ns,-

Phenyl)-Por in CDCl3
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Figure 18. Aliphatic region of *H NMR spectrum of compound Zn-Tris-DoH-click-CHO-Por in CDCls
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Figure 19. 'H NMR spectrum of compound Zn-Tris-DoH-click-CNCOOH-Por in CDCls
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Figure 20. Aromatic region of *H NMR spectrum of compound Zn-Tris-DoH-click-CNCOOH in CDCls
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Figure 21. *H NMR spectrum of compound Tris-(DoH)-bromethylbenzene-Por in CDCls
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Figure 22. *H NMR spectrum of compound Zn-Tris-DoH-bromomethylbenzene-Por in CDCls
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Figure 23. 'H NMR spectrum of compound Zn-Tris-DoH-methylbenzaldehyde in CDCls
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Figure 24. Aromatic region of 'H NMR spectrum of compound Zn-Tris-DoH- methylbenzaldehyde in

CDCls
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Figure 25. Aliphatic region of *H NMR spectrum of compound Zn-Tris-DoH-methylbenzaldehyde in

CDCl3
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Figure 26. 'H NMR spectrum of compound Zn-Tris-DoH-CNCOOH-Por in CDCl3
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Figure 27. Aromatic region of *H NMR spectrum of compound Zn-Tris-DoH-CNCOOH-Por in CDCls
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Figure 28. Aliphatic region of *H NMR spectrum of compound Zn-Tris-DoH-CNCOOH-Por in CDCl3



