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Abstract

The sustainable production of clean energy constitutes one of the most important scientific
challenges of the 21st century. Currently, the major part of the global energy supply is provided by
carbon-based energy sources, which are connected to severe environmental issues, such as air
pollution and the greenhouse effect. Consequently, it is crucial to turn to clean and environmentally
friendly carbon-neutral alternatives that have the potential to meet the needs of present and future
generations. In fact, every hour the sun provides our planet with more energy than what is consumed
during a whole year. This fact has mesmerized researchers and makes the conversion of solar energy
into fuel and electricity one of the most promising solutions to this problem.

Photosynthetic organisms are ubiquitous in nature; they are responsible for the development
and sustenance of all life on Earth. They may be quite different, but all of them use the same basic
strategy, in which light is initially absorbed by antenna proteins containing many chromophores,
followed by energy transfer to a specialized reaction center protein, in which the captured energy is
converted into chemical energy by means of electron-transfer reactions. However, for an artificial
system, a more practical approach would be to use solar energy to split H,O into molecular oxygen
and hydrogen. This process requires the coupling of the two half-reactions: (i) oxidation of H,0 to
generate the reducing equivalents (electrons) and (ii) reduction of protons to molecular hydrogen.
Harnessing solar energy for the photoproduction of renewable fuels therefore requires interfacing
several fundamental but challenging photophysical steps with complicated catalytic transformations.

In this thesis, the synthesis of a porphyrin—Rull polypyridine complexes where the porphyrin
acts as a photoactive unit and the Rull polypyridine as a catalytic precursor is described.
Comparatively, the free base porphyrin was found to outperform the ruthenium based chromophore
in the yield of light induced electron transfer. Mechanistic insights indicate the occurrence of a ping-
pong energy transfer from the 'LC excited state of the porphyrin chromophore to the *MCLT state of
the catalyst and back to the 3LC excited state of the porphyrin unit. The latter, triplet-triplet energy
transfer back to the chromophore, efficiently competes with fast radiationless deactivation of the
excited state at the catalyst site. The energy thus recovered by the chromophore allows improved
yield of formation of the oxidized form of the chromophore and concomitantly of the oxidation of the
catalytic unit by intramolecular charge transfer. Also the catalytic properties of the dyads were
investigated through photocatalytic reactions, using organic compounds as substrates for oxidative
reactions.



MepiAnyn

H olkovoplka Blwolun mapaywyn kabapnc evépyelag amnoteAel pia amnod Ti¢ onUAVTLKOTEPEG
ETLOTNUOVIKEGC TIPOKANCELS TOU 21ou aiwwva. XTI PEPEC pag, n mAsloPndia tou mMaykOoULOU
gvepyelokol £podloopol TOPEXETOL OO TNYEC EVEPYELOG HE Pdacn Ttov davBpaka, yeyovog Tou
ouvdéetal pe coBapad meptBalioviikd {NTHHATA, OTIWE N atpoodalplk pUTOVON Kal TO GALVOUEVO
Tou Beppoknmiov. Q¢ ek ToUTOU, £lval avaykn {WTLKAC onuaociag va otpadolue oe KaBapEg Kal
dALKEG TTpOG To TtepBAAAOV eVvAAAAKTIKEC AUOELC, TTOU £XOUV TN SuvatoTnTa va KAAUOUV TIG AVAYKES
TWV CNUEPLVWV KOL TWV LEANOVTIKWY YEVEWV. ITNV MTPAYUATIKOTNTA, KABE Wpa 0 NALOG TOPEXEL OTOV
TAQVATN LOG UE TIEPLOCOTEPN EVEPYELA ATIO O, TL KATAVOAWVETAL KOTA TN SLApKeLd OAOKANPOU TOU
£TOUG. TO YEYOVOG QUTO 08HyNOE TNV EMLOTNUOVLKA KOWOTNTA OE EKTEVEI UEAETEG UE OKOTIO TNV
HETATPOT TNG NALOKNG EVEPYELAG O KOUOLUO KL O NAEKTPLKN EVEPYELQ.

QwTtoouvBeTikol opyaviopol urtdpyouv mavtol otn ¢uon, eival umtelBUVOL yLa TV AvATTUEn
kot tn Statipnon g {wng otn 'n. Av kat StadpEpouv e peyalo Babuo, 6AoL xpnaotpomolouv Ty idla
Baaolkr oTpatnyLKr, 0TV omoia To pwg apyka anoppoddtal and MPWTEIVEG KEPALEC TTOU MEPLEXOUV
TOANG xpwpodOpa, akoAouBel petadopd evépyelag o Eva eELOIKEUUEVO TIPWTEIVIKO KEVTPO, OTO
omoio N 6ECUEVHEVN EVEPYELO LETOTPETIETOL OE XNULKI EVEPYELO LECW TWV OVTIOPACEWV PUETADOPAS
nAektpoviwv. Qotdoo, yla £va TEXVNTO cUCTNUA, LA TILO TIPAKTLKA Pocéyylon Ba ntav n xprnon tng
NALOKA G EVEPYELOC YLa VO SLOCTIACEL TO VEPO OE HopLlako ofuyovo Kal udpoyovo. Auth n Stadikaoia
amattel tn ovlevén twv Vo nuiavtdpacewy: (i) ofeibwaon tou H,0 yla va Snuoupynbouv ta
ovaywylkd wooduvapa (nAektpovia) kat (i) avaywyn Twv MpwIoviwv o poplakoly udpoyovou. H
aélomoinon TG NALAKAC EVEPYELAG YLO TNV GWTOMOPAYWYI TWV AVOVEWOLUWY KOUCLHWY amnaltel To
ouvbuaopd Sladpopwv Bespehiwdwyv oANd kal  amaltntikwyv dwtoduolkwv Sladlkaclwy  Ue
TEPIMAOKEC KATAAUTLKOUC LETAOYNUATIOUOUC.

Ye authv TNV gpyaocia, meplypadetal n ovvBeon Sduadwv mpodupivng Kal TOAUTUPLSIVIKWY
OUMIMAOKWVY Tou pouBnviou, 6mou n mopdupivn Spa w¢ xpwpodopo Kal To cuunAoko tou Rull wg
npoSpoun KATaAutiky povada. JUYKPLTIKA, n eAelBepn mopdupivn BpeOnke va £xel kalutepn
anodoon amnd xpwpodopa Tou poubnviou 6co avadopd TNV emayopsvn anod 1o dwg, petadopd
nAektpoviwv. OL PEAETEC ylA TO UNXAVIOMO, Seixvouv TNV gudavion ULOG TILVYK-TIOVYK UETAdOPAS
evépyeLag amd v 'LC Steyeppévn katdotaon Tou xpwpoddpou opdupivic otnv katdotaon *MCLT
TOU KataAUTN Kat Ttiow oto °LC Steyeppévn katdotaon tne povasdoac mopdupivic. Auth n triplet-triplet
EVEPYELOKN HeTOdopd Tiow oTo XpwUOPOPO, aVIAYWVI(ETAL OTMOTEAECUATIKA Th yphHyopn
anevepyonoilnon tng SleEyepUEVNG KATAOTAONG TOU KataAutn. Q¢ ek ToUTOU, N EVEPYELA TIOU
OVOKTATAL A0 TOV XPWHODOPO EMITPENEL TN BEATIWHEVN OTOS0G0N TOU OXNUATIOUOU TNG OEELOWUEVNG
popdAg Tou XpwpodOpou, Kal Tautoxpova, the ofeidwong tng KOTOAUTIKAG povadag amd
evbopoplakny petadopd doptiou. EmumAEov, oL KATAAUTIKEG BLOTNTEC TwWV SUAdwWV gpsuvAONKav
HEOW GWTOKATOAUTIKWY TIELPAUATWY, LE TN XPHON OPYAVIKWY EVWOEWV OAV UTIOCTPWHATA YLO
0€elOWTLKEG aVTIOpACELC.
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1 Introduction
1.1 Porphyrin

1.1.1 General

The porphyrins and their derivatives have captured the interest of the scientific
community since the 19" century due to their biological significance and their exceptional
photophysical properties.' The porphyrin ring is heterocyclic macrocycle organic structure,
composed of four modified pyrrole subunits interconnected at their a carbon atoms via
methine bridges (=CH-). (Fig. 1.1)

-«—— IMESOo

\b

Figure 1.1: Structure of a Porphyrin.

The porphyrin ring is a conjugated system, constituted by 18 out of 26 1 electrons in
total, that participate in a delocalized system, agreeing with the Hiickel rule for aromaticity.

The four N atoms of the porphyrin ring are sp” hybridized, with two of them forming a
o bond with hydrogen atoms while the other two do not. (Fig. 1.2). In the first two N atoms,
every sp” orbital has an electron that forms a ¢ bond with two carbon atoms and one
hydrogen atom. The lone pair of electrons occupies the p orbital (1) perpendicular to the
plane of the porphyrin ring, thus, each nitrogen will contribute two electrons in the
conjugated system. In the case of the N atoms which do not form bonds with hydrogen, (4)
they are sp” hybridized as well. The lone pair of electrons is available for coordination with a
metal. In perpendicular to the porphyrin ring, there is the p orbital (3) with an electron
which forms a m bond with the adjacent carbon.

Figure 1.2: Porphyrin ring with N orbitals.
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In *H NMR spectroscopy, porphyrins have a very characteristic pattern, because of the
anisotropic effect of the porphyrin ring protection, the N-H protons appear at high fields (-2,
-4 ppm). In contrast, the peripheral protons occur at low fields (8,10 ppm), because of the
deprotection which exist as a result of the phenomenon called aromatic ring current.” (Fig.
1.3)

PPM
Figurel.3: 1H NMR prediction by ChemDraw Ultra.

In the visible spectrum, porphyrins have an intense absorption band at 400nm called
Soret Band?, which is a result of the delocalization of the porphyrin ring current. In the 450-
800nm region, four weaker bands appear which are responsible for the rich color of
porphyrins, known as Q Bands.

The porphyrins can participate in both electrophilic and radical reactions due to the
aromatic nature of the porphyrin ring. The meso- positions have a higher electron density,
making it more reactive. However, when the meso- positions are occupied, beta- positions
can participate in electrophilic reactions.?

The porphyrin rings are generally stable under strong acidic or basic conditions. Strong
bases such as alkoxides can remove two protons (Pka ~ 16) by the internal N atoms to form
a dianion, while the two free atoms of N (Pka ~ 9) 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. There are a variety of metals (Zn, Cu, Ni, Sn) that can be introduced into the
porphyrin cavity by using various metal salts." The metallization can be reversible, and
treatment with acid can achieve the demetallization of the porphyrin ring. The
demetallization demands different types of acids and acidities for the removal of each type
of metal.

Aromatic molecules such as porphyrins were always considering as planar, but
references in a number of publications have proven that this assumption was indeed
incorrect. The planar structure of porphyrin can be affected either by the metal ion or the
peripheral ligands.*> Macrocycle compounds, like the porphyrin rings, are very selective in
relation to the size of the coordinated metal and offer them a very high stability because of
the conjugated system. Structural studies and computer models have shown that ions with
a spherical radius of 60-70pm are located directly in the central cavity of porphyrin rings,
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while ions greater than 70pm, such as lanthanides (85-106pm) are located outside of the
plane, defining the four nitrogen atoms of the porphyrin ring. (Fig. 1.4)

— O — @

in-plane coordination out-of-plane coordination
(side view) (side view)

saddle-shaped '
‘doming’ of the macrocycle ‘ruffling’ of the

macrocycle macrocycle

Figure 1.4: Typical geometrical configurations of metallated porphyrin ring.

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.

1.1.2 The porphyrins in biological systems

Many significant biological processes occur because of porphyrin complexes and their
properties, with one of the most important being photosynthesis. However, other porphyrin
derivatives exist in major protein systems such as hemoglobin, myoglobin, cytochromes and
peroxidases and catalases.

1.1.2.1 Chlorophyll

Photosynthesis is the only way our planet is able to capture solar energy and
transform it into chemical energy. It takes place in photosynthetic centres of most plants
and algae, as well as in active centers of cyanobacteria. Photosynthesis occurs in the
chloroplasts of plants where the principal receptor is chlorophyll a. Chlorophyll a is a
substituted porphyrin, specifically where the four nitrogen atoms of the porphyrin ring
create a bond with the magnesium ion to form a porphyrin magnesium. (Fig. 1.5)

CHy
CHy

H;C

Figure 1.5: Stucture of chlorophyll a.
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1.1.2.2 Heme

Hemoproteins is a family of metalloproteins called hemes, that are cofactors consisted
by porphyrin derivatives metallated with Iron (Fe**). Hemes are most commonly recognized
as components of hemoglobin, the red pigment in blood, but are also found in a number of
other biologically important hemoproteins such as hemoglobin, myoglobin and
cytochromes.

Hemoglobin

Hemoglobin is a protein compound of red blood cells, which carry oxygen from the
respiratory organs to the rest of the body. It is formed by two different pairs of protein
chains and four hemes as prosthetic groups. (Fig. 1.6). The active centre is the
protoporphyrin IX, which is linked to the protein through a histidine imidazole. These
prosthetic groups have such a crucial role in life due to the presence of iron, which binds
oxygen and transfers it to all the tissues. Haemoglobin is also able to bind other gases such
as carbon dioxide, giving it an additional role to oxygenating all the body’s tissue. As
haemoglobin carries carbon dioxide, this allows for the safe transfer and disposal of this gas
during respiration.

Figure 1.6: Structure of human hemoglobin. The proteins o and 8 subunits are in red and blue,
and the iron-containing heme groups in green.

Myoglobin

Myoglobin belongs to hemoproteins family; it is an iron- and oxygen-binding protein
which resembles hemoglobin as it consists of a-, B-, y- and 8- chains. Despite the structural
and role similarities, myoglobin exists only as a monomer, thus, its molecular weight is % to
that of hemoglobin. (Fig. 1.7) Also as a monomer, myoglobin only has one binding site for
oxygen on its one heme group, which leads to its affinity for that oxygen being very high
compared to hemoglobin. (Fig 1.7b). This high affinity affects the release of oxygen, which
can take place only at extremely low oxygen partial pressures. Increased concentration of
myoglobin is seen in the serum after trauma to either skeletal or cardiac muscle.
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Figure 1.7: Structure of myoglobin(left), Myoglobin and haemoglobin oxygen affinities(right).

1.1.2.3 Cytochrome Complexes

Cytochromes consist a different family of hemeproteins, which participate in the
electron transfer chain in mitochondria. The electron transfer is related to the presence of
the redox couple Fe (lll) -Fe (ll). The cytochromes have the ability to directly react in the
nitrogen cycle and enzymatic reactions associated with photosynthesis. Among the 50
identified cytochromes, the cytochrome c is the most studied. The cytochromes can be
classified by both the nature of the system of the porphyrin ring and the spectroscopic data
of pyrido- derivatives. (Tab. 1.1)

Cytochrome type Prosthetic group (Fig. Band a in UV-Vis.
1.8) spectra
Cytochrome a Heme A >570 nm
Cytochrome b Protoporphyrin IX 555-560 nm
Cytochrome c Protoporphyrin IX 548-552 nm

Table 1.1: Spectroscopy of Pyrido-derivatives
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Figure 1.8: Stucture of Protoporphyrin IX (a)
and Heme A (b).

Cytochrome C

The cytochrome C is comprised of a heme group which is covalently linked to the
protein via a thioether bridge. (Fig.1.9) Most types of cytochromes c are low spin, while the
axial substituents are histidine (His-18) and methionine (Met-80) (cytochromes ¢ and c2) or
histidine (cytochrome c3). The protein contains a cysteine which is coordinated along vinyl
bonds. The crystal studies of cytochrome demonstrate that the binding of the heme to the
polypeptide chain takes place via covalent bonds between cysteines 14 and 17. The
cytochrome c is an enzyme, which is very stable in both temperature and pH changes while
it can easily be reduced by sulphite and ascorbic acid.

Figure 1.9: Structure of cytochrome ¢
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Cytochrome 450

Cytochrome 450 is another family of hemeproteins which means they containing
heme as a cofactor. Cytochromes 450 are able to use either small or large molecules as
substrates in enzymatic reactions. They are monooxygenases, which means that carrying an
oxygen atom, and catalyse the hydroxylation of RH substrate with molecular oxygen by
reductive cleavage of the bond C-C. The term P450 is obtained from the spectrophotometric
peak at the wavelength of the absorption maximum of the enzyme (450 nm) when it is in
the reduced state and complexed with carbon monoxide.

1.1.3 Nomenclature of Porphyrins

The porphyrins, as previously mentioned, are consisted of four modified pyrrole
subunits interconnected at their a carbon atoms via methine bridges (=CH-). In total, a
porphyrin ring has 20 carbon and four nitrogen atoms and is a conjugated system of 18 1
electrons.

A porphyrin ring has the a-positions (1,4,6,9,11,14,16,19) the P-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. (Fig. 1.10) The number of
substituents which may be present on the porphyrin ring are denoted by the numerical
prefixes di-, tri-, etc.

{ o.-carbons
A B-carbons 17 15 13

O meso-carbons
Figure 1.10: Porphyrin ring numbered according to IUPAC.

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 ‘@’ denotes below the planar of the porphyrin, while ‘b’ denotes above it).
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1.1.4 Applications

As discussed in section 1.2, the porphyrins and their derivatives have a crucial role in
the most important biological processes. Additional applications in different fields may be
found because of their low toxicity, their stability under harsh conditions (temperature and
pH) and their photophysical properties. *

The porphyrin systems can be broadly used in Medical and Pharmaceutical chemistry
as molecular sensors, in molecular recognition in photodynamic therapy (Photo Dynamic
Therapy, PDT), as antiviral drugs, molecular information storage and non-linear optics. *’

Another field that has gained great interest by the scientific community 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 DSSs.
The DSSs can operate as a photoanode (n-DSC), where photocurrents result from electron
injection by the sensitized dye and as photocathodes (p-DSCs)”'° where dye-excitation is
followed by rapid electron transfer from a p-type semiconductor to the dye (dye-sensitized
hole injection, instead of electron injection). Such p-DSCs and n-DSCs can also be combined
to construct tandem solar cells (pn-DSCs).

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’>. Currently it is paramount to
comprehend the “communication” between the moieties which participate in these
catalytic systems. The factors which can affect the catalytic ability of a system are the
distance, the arrangement and the geometry because this controls the inner communication
of the moieties.

1.1.5 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. For
example, the simple polymerization of monopyrroles, the MacDonald route, using two
dipyrromethanes (the [2+2] approach) and one of its variants (the [3+1] method). Other
synthetic procedures involve cyclization of an open-chain tetrapyrrole (the so-called a,c-
biladienes) which possesses no symmetry restrictions.'**>

1.1.5.1 Porphyrins via Monopyrrole Tetramerization

The tetra-aryl porphyrins are synthetic porphyrins which have various applications.
The easiest way to synthesize symmetrical porphyrins is the condensation of pyrrole and the
corresponding aldehyde under acidic conditions. This process was first developed by
Rothemund'’ and then modified by Alder and Longo.'®'” The final optimization of the
method came from Lindsey’s group which succeeded in a high yield by using a high dilution
two-step reaction between arylaldehydes and pyrrole, in presence of a Lewis acid catalyst
(usually BFs-etherate) and using a quinone such as 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) to oxidize the porphyrinogen to porphyrin.’**? (Fig. 1.11)
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1.1.5.2 Porphyrins via MacDonald [2+2] synthesis

The development of the so-called MacDonald*® synthesis was a game-changer for
porphyrin synthesis, with the key to this success being the synthesis of dipyrromethane. The
method is a condensation of two dipyrromethanes with appropriate bridging carbons which
results in two porphyrin products, as the dipyrromethanes can react in either of two
orientations related by a 180° rotation of one of the dipyrromethanes. (Fig. 1.12)

B C
A D
Z W
Y X
B C
A D
W Z
X Y

Figure 1.11: Synthesis of a porphyrin (MacDonald [2+2]).

1.1.5.3 Porphyrins via MacDonald [3+1] synthesis

The [3+1] synthetic procedure is based on that already developed by the
MacDonald approach. However, instead of condensing two dipyrromethanes (hence [2+2]),
a tripyrrane is reacting with a monopyrrole bearing the two “bridging” carbon atoms.?**
(Fig. 1.13)

OHC

Figure 1.12: Synthesis of a porphyrin (MacDonald [2+2]).
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1.1.5.4 Porphyrins via a,c-biladiene salts synthesis

The synthesis of a porphyrin with a completely unsymmetrical array of substituents
must progress through open-chain tetrapyrrolic intermediates®®. The most commonly used
open-chain precursors of choice have been shown to be 1,19-dimethyl-a,c-biladiene salts.
Fig. 1.14

Me

CO,Me CO,Me
CO,Me COMe
Cu(OAc),/DMF
heat
Et Et Et Et
Me Me Me Me
H,SO4/TFA
-~
Me Me Me Me
CO,Me CO,Me CO-Me CO-Me

Figure 1.13: Synthesis of a porphyrin via a,c-biladiene salts.

1.1.5.5 Porphyrins via synthesis with different meso- substituents in aqueous media

The current synthetic procedures for non-symmetrical porphyrins which are gaining
much interest in the scientific community are taking place in aqueous media, a method that
was developed by two groups: Gryko’s and Balaban’s'>. Their method is very useful for
synthesizing various substituted porphyrins under mild conditions that avoids scrambling
and has been a long sought after reaction for the past two decades. This method , in
aqueous media, is also an environmentally friendly and avoids the use of rather hazardous
reagents. It is an effective method to prepare trans-A;B>-, AgB-and trans-AB,C-porphyrins

and offers good yields of porphyrins (9-25%). During this method, the reaction conditions
make it possible to direct the cascade of acid-promoted Friedel-Crafts reactions between
dipyrromethanes and aldehydes towards the intermediate porphyrinogens. This is being
oxidized by a quinone such as 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) or Tetrachloro-
1,4-benzoquinone (p-chloranyl). (Fig.1.15)
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2. p-chloranil, CHCl3
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R R

Bilane R3

Figure 1.14: Synthesis of a porphyrin (Gryko and Balaban).

1.2 Ruthenium-Polypiridyl Complexes

1.2.1 General
Over the last few decades, the ruthenium-polypiridyl complexes captured the interest
of the scientific community because of their remarkable chemical stability and

24,25

photophysical properties™ . Ruthenium(ll) trisbipyridyl complexes have especially been

thoroughly studied and are known as chromophores in a wide range of applications in

32-34

different areas, such as solar energy related research®*>!, molecular wires , sensors and

switches®” as well as therapeutic agents®.

1.2.2  Absorption of [Ru(bpy)s]**

The well-studied [Ru(bpy)s]** has octahedral geometry of D3 symmetry. (Fig. 2.1) At
the UV-region, the absorption spectrum is dominated by ligand-centered (LC) m - n*
transition at 285 nm (¢ ~ 8x104 M'cm™). The spectrum in the visible region has a
characteristic intense metal-to-ligand charge transfer (*MLCT) band at 450 nm (g ~ 104 M’
lem™), caused by the transition from a dit metal orbital to a ligand based orbital (r,*)*

Figure 2. 1: Structure of [Ru(bpy)3]2+.
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1.2.3  Cyclic Voltammetry

In the cyclic voltammogram (CV) of [Ru(bpy)s]*" (Fig. 2.2), a reversible oxidation
involving a metal-centered orbital (drt) appears at 0.88 V and three closely spaced ligand-
localized reductions at —1.74, -1.93 and —2.17 V, where each added electron is localized on
d.***> In the *MLCT excited state, formally [Rulll(bpy).(bpye-)]**, the metal is
oxidized and one ligand is reduced, and the complex is therefore both a strong reductant

a single ligan

and oxidant.

}o A

2 1 0 1
E/V vs Fct/0

Figure 2. 2: Cyclic voltammogram of[Ru(bpy)3]2+.

1.2.4 Photo-induced Electron Transfer

As previously mentioned, [Ru(bpy)g,]2+ type complexes have a distinct absorption in
the visible region (Amax = 450 nm), and upon illumination, one electron in a metal- centered
t,g orbital is excited to a ligand-centered n* orbital.

In this metal-to-ligand charge transfer state (MLCT), the ruthenium centre has
formally been photo-oxidized to Rulll, while the bpy ligand backbone has undergone a single
electron reduction. The initially photo-generated state, which is the lowest excited singlet
state (*[Ru(bpy)s]*™*), is short-lived and undergoes rapid intersystem crossing to yield a
long-lived triplet state, *[Ru(bpy)*]***, that has the potential to engage in single- electron
transfer. The electronic configuration of this excited state can thus be described as a
3[(drc)S(Ttbpy*)l] with almost exclusively triplet character. This excited triplet state has a long
lifetime because the conversion to the singlet state is spin- forbidden and decays to the
ground state on the microsecond time-scale. The excited state is therefore sufficiently long-
lived to partake in bimolecular electron-transfer reactions, which can compete with
deactivation pathways. The photo-excited state has the ability of being both more oxidizing
and more reducing than the ground state of [Ru(bpy)3]2+, and this dual nature of the excited
state enables it to serve either as a single-electron oxidant or as a reductant.?#*>3773° (Fig
2.3)
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Figure 2. 3: Simplified Picture of the Photochemistry of [Ru(bpy)3]2+.

1.1.5 Synthesis

1.2.5 [Ru(bpy)s]** type complexes

The most common synthetic approach to ruthenium(ll) polypyridyl complexes starts
from RuCl3-xH20. The first part is a reflux of RuCl3-xH20 in DMF with a thermally
insensitive bipyridyl (bpy) ligand, transforming it into cis-Ru(bpy),Cl,.*> A third chelate is
then easily introduced to give the bisheteroleptic [Ru(bpy)2(bpy )]** complex. With heat-
sensitive ligands, Ru(DMSO)4Cl,*! or Ru(CHsCN)4Cl,** are convenient intermediates, since
the synthesis is performed under less vigorous conditions.

The spectroscopic and redox properties of the ground state and excited state of the
ruthenium(ll) polypyridyl complexes can be modified with the incorporation of three
different pp ligands into the coordination sphere. Several synthetic routes for the
preparation of trisheteroleptic [Ru(bpy)(bpy )( bpy”)]** complexes have been developed the
last few years.
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One of the most popular and widely studied methods was developed by Meyer and

co-workers, starting from [Ru(CO),Cl,]..***

Another interesting approach was recently
presented by Mann’s group”®, suggesting the use of the easy photochemical displacement
of benzene in [(benzene)Ru(bpy)Cl] ClI to give [Ru(bpy)(CH3CN)s(Cl)]CI and
Ru(bpy)(CH3CN),Cl,. As a result, the insertion of two additional bidentate ligands can be
achieved. The most popular method starting from Ru(DMSO),Cl, was developed by Gratzel
and co-workers.*” The first bipyridyl ligand is introduced in refluxing chloroform. The choice
of solvent is crucial since protic solvents (methanol or ethanol) or high boiling solvents (DMF

or DMSO) were reported to give mixtures of mono- and bis-substituted products.

1.2.6  Synthesis of oligopyridines

The synthesis of 2,2’-bipyridine and 2’:6’,2”-terpyridine as well as the coordination
chemistry of these and other oligopyridines has been extensively investigated. They
captured scientific interest because of their redox stability, ease of functionalization and
capability to complex metal ions. All of these properties enabled their wide applications in
chemistry.

Nowadays, there is a large variety of synthetic procedures for both 2,2’-bipyridine and
2/,2": 6,2"-terpyridine.*®*° Different coupling methods have been applied in the preparation
of 2,2 -bipyridines, such as oxidative coupling of pyridines using raney nickel or palladium on
charcoal.®® The yield of 2,2 -bipyridine, however, is small and only minor amounts of
2,2:6,2" -terpyridine are formed. Other methods such as the copper mediated Ullmann

coupling of halopyridines also showed low yields.>

High vyields were achieved through the use of nickel catalyzed couplings of
halopyridines®®, or the ipso-substitution on sulfoxide-pyridyl compounds by 2-
pyridyllithium.>® More recent coupling strategies for the preparation of oligopyridines have
relied on the palladium catalyzed cross-coupling reactions of pyridyl-boron (Suzuki)®,
pyridyl-tin (Stille)*®, and pyridyl-zinc (Negishi)*® reagents.

Various synthetic approaches48 have also been suggested for 2':6’,2"”-terpyridine,
most of them are multistep syntheses have been developed by the groups of Kréhnke™’,
Potts*®>® and Jameson® (Fig. 2.4). They all depend on the isolation of a suitably substituted
enone. Subsequent reaction with the enolate of acetylpyridine in the presence of NH;0Ac
gives the corresponding 2,2 :6',2"-terpyridine. The advantages of these methods lie in the

opportunity to introduce asymmetry in the terpyridyl ligand.
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Figure 2. 4: Synthesis of 2,2 :6",2" -terpyridine

1.3 Artificial Photosynthesis

Rising levels of atmospheric carbon dioxide and the related rise in global temperature,
which in part is due to the use of fossil fuels, have caused great worry to the world.
Scientists have been calling for attention to this issue because it is not only a progressing
environmental problem, since the global average surface temperature continue to rise, but
as the human population and the global energy consumption also grow, the energy crisis

comes to surface.®’ ™3

For this reason, it is crucial to develop environmentally sustainable
energy systems. Among the various available renewable sources, the sun is the most
available and abundant energy source which indicates that solar energy will play an

increasingly important role in the future.

1.3.1 Photosynthesis in nature

Photosynthesis is the natural process where solar energy converts to chemical energy
through photo-induced oxidation of water. The enzyme responsible for this process is the
Photosystem Il where are two functional moieties: a chromophore, where photo-excitation
produces charge-separation resulting in a reductant and a strong oxidant on either side of
the membrane; and a catalyst, capable of accumulating sufficient charge and oxidizing
power to oxidize two water molecules into oxygen, protons, and reducing equivalents.®*®
After a photonic excitation of the chlorophylls is indicated, the sequence of electron transfer

begins.®® (Fig. 3.1)
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Figure 3 1: Map of the main cofactors of PSll. The arrows show the electron transfer steps.

Step 1: Light induced charge separation: charge separation takes place between
pigment molecules very rapidly after excitation of the chlorophylls in the enzyme. A radical
pair is detected a few picoseconds after excitation and this appears to form a chlorophyll
(PD1) cation and a pheophytin (PhD1) anion.

Step 2: The pheophytin anion radical rapidly donates an electron to a quinone (QA)
thereby stabilizing the charge-separated state.

Step 3: The highly oxidizing chlorophyll cation extracts an electron from a tyrosine
residue (TyrZ). The tyrosine’s phenolic carbonyl group loses a proton as the tyrosyl radical
forms.

Step 4: The neutral tyrosyl radical then goes on to oxidize the Mn ions of the Mn
complex.

Step 5: The semiquinone anion formed is further stabilized by a lateral electron
transfer step to a second quinone, QB.

After one round of excitation, the plastoquinone is only partially reduced and the
Mn cluster has increased in valence. This step occurs with a quantum yield of 90% and
results in a relatively stable intermediate that is stable for tens of seconds to minutes. In
order to complete the reduction of plastoquinone, another photo-excitation must take

16|Page



place. The oxidation of water, however, takes a full four photo-excitation cycles.
Photosystem Il performs the difficult work of coupling one-electron reactions (the photo-
excitation), to multi-electron reactions such as the reduction of plastoquinone (2 e”) and the
oxidation of water (4 e").

The reducing equivalents are transported by redox couples and ultimately used to
generate transmembrane proton gradients and synthesize adenosine triphosphate (ATP, a
biological energy carrier that is used by many enzymes) and to synthesize the biological two-
electron reducing agent B-nicotinamide adenine dinucleotide phosphate (NADPH).

1.3.2 Water Oxidation in Photosystem ||

Water oxidation in nature is catalyzed by the oxygen evolving complex (OEC) in
Photosystem Il (PS Il) driven by light. Protons and electrons extracted from water are then
delivered to Photosystem | (PS I) for the reduction of CO, to carbohydrates.

The manganese cluster, known as the oxygen evolving complex (OEC) catalyzes the
water oxidation reaction. It is composed of four manganese ions, bridged by oxo- ligands.
Calcium chloride and carbonate ions are known to be present at the OEC but their roles are
unclear as of yet. The mechanism for the removal of four electrons and four protons from
two substrate water molecules is still subject to speculations.®” The main obstacle to the
understanding of this mechanism is the lack of knowledge concerning the structure of the
OEC. (Fig. 3.2) Recent X-Ray diffraction structures®®®® are impeded by lack of resolution and
by the reduction of the high valence Mn ions back to Mnll by the X-ray beam.”® While the
electronic structure of the different S-states, substrate binding, calcium/chloride binding,
and function of amino acid side chains are still a matter of debate, it is widely accepted that
the substrate waters undergo deprotonation as the valence state of the Mn cluster
increases’"’, compensating for charge accumulation and preventing large increases in the
redox potential. Different possible pathways for the eventual formation of the oxygen—
oxygen bond have been proposed.
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Figure 3 2: Structure of the manganese calcium cubane, Mn,Ca, located in the OEC.
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1.3.3  Mimicking photosynthesis

The photosynthetic process has inspired many research groups over the last few
decades. The investigation of natural photosynthesis and the understanding of its basic
principles at a molecular level”® led to the concept of artificial photosynthesis, defined as
the conversion of solar energy into fuels.

The most basic molecular device relevant to natural photochemical processes should
be composed of a photosensitizer linked to an electron donor on one side and to an
electron acceptor on another side. For an artificial photosynthetic system to be efficient, it
must be capable of absorbing a photon by a chromophore (photosensitizer)(1), forming a
charge-separated state by transferring the electron to a reduction catalyst, usually via a
primary acceptor(2), accepting and accumulating two consecutive electrons at the reduction
catalyst. This subsequently uses these to reduce two protons to molecular hydrogen(3),
allowing regeneration of the chromophore by transfer of an electron from the oxidation
catalyst, generally via a primary donor(4). After the transferring of four consecutive
electrons, one by one, from the oxidation catalyst, the oxidation catalyst is regenerated by a
formal one-step transfer of four electrons from two molecules of H,O to generate one
molecule of O, and four protons(5).*”*

Coupling two catalytic reactions can be a very complex procedure. In this case it
involves the same number of electrons on a single molecule, requiring the rates for the
catalytic reactions to be faster than the recombination rates. Furthermore, it is considerably
more challenging when the two reactions performed do not involve the same number of
electrons. Water splitting belongs to the latter case. In particular, this reaction requires the
coupling of a 2e” reduction (H+ reduction) and a 4e” oxidation reaction (H,0 oxidation). After
accumulating two charges, proton reduction occurs, while the oxidation of water would still
require two more oxidizing equivalents. However, charge accumulation must be
compensated for in order to maintain the efficiency of the primary photophysical events,
regardless of the redox state of the system. Similarly, the conditions for the reduction
reaction and the oxidation reaction might be different and must be accounted for in the
final device.

A sophisticated technique to avoid this obstacle was developed recently by designing
a photochemical cell in which the oxidation and reduction reactions are separated. In such a
system we could imagine the oxidation catalyst (Cat,,) linked by a photosensitizer to an
anode and a reduction catalyst (Cat,q) grafted to a cathode (Fig. 3.3). °® The electrons from
the oxidation half-cell could be transferred through an electrical connection between the
electrodes, to the reduction half-cell, while protons move in the opposite direction through
a selective membrane. The efficiency of a photoactive molecular catalyst demands the five
requirements previously mentioned, even in the case of a compartmentalized
photochemical cell. However, the use of two separated compartments with surface-bound
catalysts prevents intermolecular short-circuiting reactions between the photo-catalysts and
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between the photo-catalysts and the reaction products. Other benefits inherent to
tethering catalysts to surfaces are the preclusion of diffusion and being able to take
advantage of well-researched semiconductor surfaces. Large band-gap semiconductor
surfaces like TiO, offer very fast injection rates for electrons from the excited state of
attached chromophores to their conduction band contributing to the necessary control of
directionality of electron transfer.

membrane

v

e- flow

Figure 3 3: Schematic view of a photoelectrochemical cell for water splitting using
molecular based materials fixed on semiconducting electrodes

1.3.4 The Water Oxidation Catalyst (WOC)

At a first glance, the oxidation of H,O seems to be a straightforward transformation,
because of its structural simplicity of starting material and products. However, this
procedure is definitely not an easy accomplishment because although the majority of redox
processes in nature are single- or two-electron processes, the oxidation of H,0 requires the
transfer of four electrons and additionally rearrangement of multiple bonds and formation
of the O-0 bond.

Because of the complexity and the high oxidation potential required to oxidize H,0,
this half reaction is currently considered to be crucial in the development of a sustainable
artificial solar fuel system. It is necessary for the catalyst to be capable of accumulating four
oxidizing equivalents and operating close to the thermodynamic potential of H,0 oxidation.
Also, the formation of damaging high-energy intermediates needs to be avoided as they can
reduce the longevity of the WOC. An ideal WOC should therefore be fast, amenable to
interfacing with photosensitizing materials, and stable to oxidative, hydrolytic, and thermal
degradation during turnover.”
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Multi-electron-transfer catalysis can be facilitated by synchronizing proton and
electron-transfer events, via proton-coupled electron transfer (PCET), and is essential in
many biological and chemical processes. PCET permits the total charge of a chemical species
to remain unchanged, whereas just single electron transfer, without the loss of a proton,
leads to charge accumulation and high-energy intermediates. Coupling electron transfer to
proton transfer may also allow the accumulation of multiple redox equivalents and
influence reaction pathways and energetics of a certain chemical reaction. This is an
essential feature in realizing the four-electron oxidation of H,O in artificial
photosynthesis.”®"®

1.3.5 Insight into Artifical Water Oxidation Catalysts mechanism

There is an existing requirement on WOCs to produce stable high- valent metal-oxo
species at low redox potentials, to be able to partake in the complicated process of multi-
electron oxidation of H,0. To enable the rational design of molecular complexes that can
fulfill this requirement, extensive research has been directed toward elucidating and
understanding the fundamental steps of H,O oxidation. One step in particular that needs to
be better understood is the mechanism(s) for the O-O bond formation. Despite the
experimental difficulties in determining the reaction mechanisms, some progress has been
made, which has yielded two major mechanistic pathways for H20 oxidation (Fig. 3.4): (i)
solvent water nucleophilic attack (WNA) and (i) interaction of two M-0 units (12M).*

07 )
WNA mechanism IG\—O QSO‘\H M—=0_
i oy TN O—H
H+

12M mechanism M

-0
Figure 3 4: Schematic Representation of the Two Mechanistic Pathways for O-O Bond Formation for Single- Site and
Dinuclear Artificial WOCs.

However, despite this mechanistic progress, there still exists a need for the
development of a better understanding regarding the ligand-dependent preferences of the
two mechanisms, and the parameters that favour one mechanism over the other.

The first complex capable of mediating the four-electron-four-proton oxidation of H,0
was reported by Meyer’s group in 80s.””% The complex responsible for this breakthrough
was a dinuclear p-oxo-bridged ruthenium complex, commonly known as the “blue dimer”
due to its characteristic blue color (Fig 3.5). Although the turnover number (TON; defined as
moles of produced product per mole of catalyst, nO,/ncat), 13.2%!, and TOF, 4.2 x 103 s * %,
were moderate when using Ce'"" as oxidant, this seminal study proved that the demanding
multi-electron oxidation of H,O to O, was indeed possible. Since then, a variety of dinuclear
Ruthenium complexes have been synthesized and studied as WOCs.
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Figure 3 5: Molecular structure of the so-called “blue dimer”, cis,cis- [(bpy)z(HZO)Ru(u—O)Ru(HZO)(bpy)2]4+.

Because of the multi-metallic core of the OEC, it was long considered that artificial
molecular WOCs must accommodate multiple metal centres to cope with the accumulation
of the four oxidizing equivalents needed for H,O oxidation. The initial lack of reports on
single-site WOCs led to the creation of a paradigm, which claimed that at least two metal
centres were required for H,0O oxidation to occur. However, this early belief has now been
disproven, and today there are variety of single-site catalysts that can mediate the four-
electron oxidation of H,0.

The first evidence that the four- electron oxidation of H,0O was possible on single-site
metal complexes was provided by the group of Thummel in 2005. Their ruthenium
complexes’ ligands were a tridentate polypyridyl type ligand, 2,6-di(1,8- naphthyridin-2-
yl)pyridine, with uncoordinated naphthyridine nitrogens (Fig. 3.5). The uncoordinated
nitrogens interact with the aqua ligand through hydrogen bonding, thus, stabilizing the
single-site aqua complexes.®® Presently, a diversity of mono-nuclear WOCs have been
synthesized as well.

R —|2®

N\
49: R = NMe,
50: R=CH;
51: R=CF;

Figure 3 6: Molecular structures of the single-site ruthenium complexes
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Molecular single-site catalysts offer the possibility of straightforward ligand design,
synthesis, and characterization. It is relatively easy to tune ligand environment in these
molecular systems, both electronically and sterically, which make them ideal for
structure-activity relationship studies. Advantages are also offered when conducting
detailed mechanistic studies, from both an experimental and a theoretical point of view.
However, the relative ease with which these molecular mononuclear catalysts can be
developed and thoroughly studied is not solely the fundamental objective to be pursued.
The incorporation and/or attachment of these catalysts to viable supramolecular
assemblies, for example, linking them to a chromophore for light-absorption, for H,0O
splitting, is also greatly facilitated.*

1.3.6  Light activation of Water Oxidation Catalysts

The first step in an artificial photosynthetic system is light-harvesting by a
chromophore, that is, a light-absorbing component analogous to the photosynthetic
pigments. This chromophore should efficiently absorb and convert the incoming solar
energy into an excited state that can transfer an electron to an acceptor for the creation of
a charge-separated state, thereby generating the required thermodynamic driving force for
the desired chemical reactions. Both photoactive molecular dyes and semiconductors can
induce electron transfer and have the potential of being used as light-harvesting
chromophores in a future artificial device for H,0 splitting.

The most well studied molecular photosensitizers for electron-transfer processes are
the [Ru(bpy)3]2+—type complexes, after the discovery in the early 1970s that they could
undergo electron transfer from their excited states to a sacrificial electron acceptor*2.
Although different pigments have been investigated over the last few years, porphyrins are
an excellent candidate due to their properties.*

The porphyrin ring has been extensively studied as a synthetic model of its natural
chlorophyll counterparts. A vast amount of work was primarily devoted to the synthesis and
characterization of sensitizer-donor or acceptor dyads with the target being to understand
the primary events in the photosynthetic process, such as the formation of charge-
separated states, their lifetime, and the recombination process.*? Porphyrin dyes are also
currently being developed for their potential use in nanocrystalline TiO, Gratzel cells. A wide
variety of differently substituted porphyrin derivatives, both free-base and metallated have
been synthesized and tested as dyes for replacing ruthenium-based chromophores. An
encouraging efficiency of 4.2% has been reached indicating the need for more in-depth
investigation of the parameters affecting the light harvesting ability of porphyrins.?*

The use of porphyrins as chromophores to harvest light and induce the electron
transfer process to ultimately activate a catalytic module via different electron mediators
will be investigated. One of the main assets of porphyrinic systems over other
chromophores such as [Ru(bpy)g,]2+ type complexes, is their absorption properties, which
can be extended to the near-IR region, while the ruthenium complex MLCT absorption band
that initiates the formation of the triplet state lies more in the blue region (450 nm).
Importantly, the absorption bands of porphyrins exhibit high molar extinction coefficients,
an important parameter in the light capture process.
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There are a few examples of porphyrin derivatives used as photosensitizers for the
activation of catalytic moieties, both oxidative and reductive. Tetrapyrrolic derivatives were
used as a sensitizer to activate a rhenium-based catalyst for the reduction of COZBS,
cobaloximes®®®” and hydrogenase models®®*®° for hydrogen production.
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2 Scope of this thesis

This thesis was inspired by previous literature references studying porphyrin
derivatives as photosensitizers in photo-activation of catalytic complexes. This includes work
by Rocha’s group who used [(tpy)Ru(tppz)Ru(bpy)(L)]™ (where L is Cl or H,0, tpy and bpy
are the terminal ligands 2,2":6,2"-terpyridine and 2,2’-bipyridine, and tppz is the bridging
backbone 2,3,5,6-tetrakis(2-pyridyl)pyrazine) for catalytic photo-oxidation of alcohols.(Fig.
2.5)

Figure 2. 5: Structure of [(tpy)Ru(tppz)Ru(bpy)(L)]™

This thesis’ purpose was to synthesize porphyrin derivatives, covalently linked
through an amide bond, to ruthenium polypyridyl complexes. Furthermore, they were fully
characterized through MALDI-tof and NMR along with photophysical and electrochemistry
studies. Eight dyads were synthesized and studied which can be divided into two groups
according to the position of their anchoring group. The idea was to use the porphyrin as a
photosensitizer and study the possibility of activating the ruthenium complex as a catalyst
through irradiation. (Scheme 2.1)

o oY

Anchoring

Group > e
N\ e / Photoactive Unit Catalytic center

Scheme 2. 1:A schematic view of the Msc project.

Surface/Electrode

After the photophysical study of the dyads was complete, some of the dyads showed
evidence that they were able to activate their catalytic part through irradiation in the
presence of a sacrificial electron acceptor (SA). Their capability to oxidize organic substrates
was further investigated by photo-catalytic experiments.
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3 Synthetic approach
3.1 Porphyrin-Ruthenium polypyridyl complex Dyads

Group |
The anchoring group is placed on porphyrin.

Free base porphyrin

MeOOC—*C\
Hooc—/«\/ 7\
Zinc porphyrin
MeOOC—J\/ p

HOOCF//i\

\
\

O ZnP(-COOH)-Ru \_
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Group Il
The anchoring group is located on the bipyridine ligand of Ruthenium complex.

Free base porphyrin

H,TPP-Ru

COOH

COOH

O H,TPP-Ru(-COOH),

Zinc porphyrin

ZnTPP-Ru

COOH

COOH

ZnTPP-Ru(-COOH), “—
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3.2 Synthetic Methods

As mentioned before, these dyads were synthesized to investigate the capability of
the porphyrin to photo-activate a ruthenium catalyst. Both the ester and carboxylic
derivatives were synthesized in order to study them under irradiation in solution and also
adsorbed on TiO, nanoparticles. Two porphyrins (5) and (7) were synthesized and covalently
linked to two ruthenium complexes (9) and (10), thus, we can modify the position of the
position of the anchoring group.

The Group | have the anchoring group located on the porphyrin ring. The synthesis
of the porphyrin ring (Scheme 3.1) starts with 2 eq of dipyrromethane and 1 eq of each
aldehyde (2: methyl 4-formylbenzoate and 3: 4-nitrobenzaldehyde) to form the porphyrin
ring. The conditions of the reaction were adopted by the recent work of Balaban’s and
Gryko ’s groups *° in aqueous media. The porphyrin (5) is being isolated after reduction of
the nitro group of the porphyrin ring.

1. 1+ 2 MeOH,HCI
+ + >

2.+ 3 EtOH,HCI

Scheme 3. 1: Synthesis of porphyrin (5).
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The porphyrin derivative of Group Il was synthesized through a different procedure.
The initial porphyrin is a tetraphenyl porphyrin, one of the most well studied and widely
synthesized. The porphyrin forms after the reflux of benzaldeyde in propionic acid. Further
modification takes place by one phenyl nitration of the porphyrin leading to mono-nitro
porphyrin (7) and after reduction the porphyrin (8) is isolated. (Scheme 3.2)

[/ N\> Propionic acid
—_—
P * |'_| reflux

(o)

HCI, SnCl,
reflux

Scheme 3. 2: Synthesis of porphyrin 7.

The most popular synthesis of ruthenium polypyridyl complexes begins with the
reflux of RuCl33H,0 in the presence of DMSO (dimethyl sulfoxide) in order to form
Ru(DMSO0)4(Cl),. The most efficient way to synthesize our polypyridyl complexes was to first
mono-substitute the Ru(DMSQ)4(Cl), with the bipyridine ligand (9) or (10) in chloroform.

For the synthesis of Rubpy(DMSO),Cl, the 2,2’ bipyridyl and Ru(DMSOQ)4(Cl) are being
dissolved in methanol and refluxed, then by precipitation we isolate the product (9).
(Scheme 3.3)

N Sy ¢al
z [Ru(DMSO0)4(Cl)2] \o\l\au/N
MeOH, reflux 0"/ >N
g7
| 9

Scheme 3. 3: Synthesis of Rubpy(DMSO),Cl,.
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The synthesis of Rubpy(MeCOO),(DMSO),Cl, involved the protection of carboxylic
groups of [2,2'-bipyridine]-4,4'-dicarboxylic acid, which took place in methanol in presence
of H,SO4;. We continuously isolated the product (10) according to previous coupling
between Rubpy(DMSO),Cl, the 2,2’ bipyridyl ligand. (Scheme 3.4)

N N
N cooH  H2S04MeOH N
—_—
reflux
COOH
[Ru(DMSO0)4(Cl),]
MeOH, reflux
S.. CI
O
O\I\Ru/N
0"/ ON
Y
| 10

Scheme 3. 4: Synthesis of Rubpy’(DMS0)2CI2.

The amide bond is formed between the amine-group of the porphyrin ring (5) or (8)
and the carboxylic group of 4-([2,2":6',2"-terpyridin]-4'-yl)benzoic acid leading to compound
(11) and (12). The reaction is a two-step process, where firstly, the alkyl chloride of 4-
([2,2":6',2"-terpyridin]-4'-yl)benzoic acid is forming, and secondly, the formation of the

amide bond.(Scheme 3.5)
1.80Cl, 80°C m 0/
2.Dry THF,ET3N

O 70°C, overnight

O 1.50Cl, 80°C\—/ O
Eieadhethdun
2.Dry THRET,N

70°C, overnight

| X
= 8 O

Scheme 3. 5: Amide bond between the porphyrin ring and 4-([2,2":6',2"-terpyridin]-4'yl)benzoic acid.
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The coupling of the compounds (11) and (12) with the suitable ruthenium complex is
taking place under the same conditions for both groups, which is under reflux with acetic
acid as a solvent. (Scheme 3.6)

CH3COOH, 80°C

CH3COOH, 80°C

H,TPP-Ru

Scheme 3. 6: Synthesis of H2P-Ru and H2TPP-Ru.

At this point the porphyrins of the dyads were metallated with Zinc, allowing ZnP-Ru
and ZnTPP-Ru to be isolated. (Scheme 3.7)

Zn(OAc),2H,0 V4
- =
CH,Cl,,MeOH

rt

ZnP-Ru =

Zn(OAG),2H,0
_
CH,Clp,MeOH
it

H,TPP-Ru ZnTPP-RU

Scheme 3. 7: Synthesis of ZnP-Ru and ZnTPP-Ru.
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Finally, the ester groups were hydrolyzed to carboxyl groups in order to study those
systems in the presence of a semiconductor, such as TiO, nanoparticles. (Scheme 3.8)
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ZnP(-COOH)-Ru

KOH, MeOH/THF

COOH
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ZnTPP-Ru(-COOH),

Scheme 3. 8: Hydrolysis of ester groups.



As references, porphyrin compounds H,-P and Zn-P were synthesized for comparative
purposes. An amide bond was formed between porphyrin (5) and its Zinc derivative with
benzoyl chloride. (Scheme 3.9)

()
< /;\>_\<CI

THF, Et3N 700 C

7N

Zn(OAc),2H,0

—_—
@ CH,Cl,,MeOH

rt

Scheme 3. 9: Synthesis of porphyrin reference compounds.

32|Page



4  Discussion

As previously mentioned, these dyads were synthesized to investigate the ability of
the porphyrin derivatives to act as a photosensitizer in order to activate a ruthenium
polypyridyl- complex as a catalyst. Different photophysical methods were used for the
comprehension of our system, such as Absorption/Emission spectroscopy,
Electrochemistry and Transient/Differential Absorption. Our conclusions also agreed
with Density Functional Theory (DFT) calculations and the photo-catalytic ability was
further investigated through photocatalytic experiments.

Reviewing the literature®®* which was the inspiration behind this project, there are
different ruthenium complexes which are being studied as catalysts in either
electrochemical or photochemical systems. Two of the recent systems published by
Rocha et al and Aukauloo et al are consisted of two ruthenium polypyridyl- complexes;
the first ruthenium complex works as a photosensitizer, while the second works as an
oxidative catalyst of organic substrates. (Scheme 4.1)

%Cl, n=d
92-OH;, ned
w-Cl n=d

x
-
~- 90-OM, ned

Scheme 4. 1: Binuclear Ruthenium systems (a) Rocha et al, (b) Aukauloo et al.

Throughout this discussion section we will follow the studies of the dyads and try to
explain the electron transitions which take place. We will also explore the ability of
photoinduced activation of the catalytic moiety of ruthenium.

4.1 Electrochemical Studies

For the investigation of the dyads’ electrochemical properties, cyclic (CV) and
square-wave(SQ) voltammetry were used. In both techniques the potential applied V is
varied with time t and the resulting current j is measured. Plotting current versus
potential gives a voltammogram; the analysis of which provides information about the
formal potential E°. This information includes the reduction or oxidation of an
electroactive species as well as the reversibility of the process. The techniques differ in
how the potential varies with time: in CV, V is linearly swept back and forth between
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two set values at a prefixed rate (Fig. 4.1 (a)), while in SQ, a series of voltage pulses is
superimposed to a linear potential sweep (Figure 4.2 (b)). The timescale of both
experiments is determined by the scan rate.

A a A . b

V V I

t t

Figure 4.2: (a) CV waveform (two circles). (b) SQ waveform.

In a typical CV voltammogram (Fig. 4.3 a), there is a plot of the measured current i
vs. V, where the oxidative current results in a positive wave with a maximum point
(anodic peak, at potential Ep,) and the reductive current in a negative wave with a
minimum point (cathodic peak, at potential Ep). If the process is reversible, then the
current values at the two peaks are the same and E% is almost identical to Ei;owhere E;/p
= (Ereq + Eox)/2. In the case of SQ (Fig. 4.3 b) a different plot is being used; Ai/V, where Ai
is the difference between currents sampled before and at the end of each potential
pulse. For a reversible process, the result is a symmetrical peak which holds the relation
E1/2= Epeak + AE/2, where AE is the pulse potential.

i Ai

v v
Figure 4.3: (a) CV voltammogram for a reversible process. (b) SQ voltammogram for a reversible process. Ai = (iy - iy)

In order to characterize the electrochemical properties of the porphyrin-ruthenium
dyads, it is crucial to identify any irreversible or non-reversible process. This can be
achieved through CV voltammograms, which are ideal to determine the type of
processes occurring. Conversely, the potential is more accurately obtained from SQ. The
5Q also provides a superior peak resolution, which is extremely useful in the case of two
or more processes taking place at similar potentials. The CV and SQ voltammogram of
two of the dyads can be seen below. (Figure 4.4)
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2 093 1.13

—3S8Q Hz-P-RU ’ 1.37
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E/Vvs. SCE

—— SQ Zn-P-Ru
— CV Zn-P-Ru
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-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

E/Vvs.SCE

Figure 4.4: Cyclic and square wave voltammograms of H,-P-Ru and Zn-P-Ru.

On the following table, the potentials of the dyads and their references are being
reported. (Tab. 4.1) The voltamogramms of the dyad H,-P-Ru shows that its
electrochemical properties correspond to those obtained separately for its constitutive
units H,-P and Ru. On the anodic side, waves at 0.93 V and 1.13 V correspond to the
oxidation of Ru and H,-P moieties respectively; while on the cathodic side, peaks at -1.09
V and -1.23V originate respectively from the porphyrin and the bipyridine reduction. In
the case of the dyad Zn-P-Ru, the first oxidation occurs at very similar potentials for ZnP
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and Ruet components, therefore, the outcome is, in case of the dyad, a two-electron
oxidation wave which is observed at 0.93 V and similarly a two-electron reduction wave
at-1.25V.

Compound  Ey, (P/P¥) Eypp(bpy/bpy”) Eylbpy’/bpy) Eifn(P/P)  Eypp(Ru"/Ru")  Eypp (P'/P) Ex/2(P*/P")

Rucat -1.42 -1.25 0.94

H,-P -1.58 -1.08 1.14 1.42

Zn-P -1.25 0.90 1.25
H;-P-Rucat -1.58 -1.42 -1.23 -1.09 0.93 1.13 1.37
Zn-P-Ru y -1.41 -1.25 -1.25 0.93 0.93 1.22

Table 4. 1: Electrochemical Data. E;/, = (Epq+ Epc)/2 in Volts vs SCE, measured in benzonitrile, scan speed: 100 mV/s

4.2 Absorption Spectroscopy

Ultraviolet—visible spectroscopy (UV-Vis or UV/Vis) refers to absorption spectroscopy
or reflectance spectroscopy in the ultraviolet-visible spectral region. This spectroscopy
has different applications, one of which is based on the Beer-Lambert law®* which
associates the absorption of a molecule with its concentration and a fingerprint constant
corresponding only to that molecule called molecular absorption.

A =logl/lp = €cd

A: absorption,

lo: intensity of incident radiation I: and passing radiation
e: molecular absorption (Itmol*cm™)

e c: concentration of solution (mol / It)
d: the optical path (cm)

Molecules containing m-electrons or non-bonding electrons (n-electrons) can absorb
the energy in the form of ultraviolet or visible light to excite these electrons to higher
anti-bonding molecular orbitals.

Among the porphyrin properties, it was mentioned that they have a very
characteristic UV-Vis spectrum, namely the intense Soret Band at 400nm due to the
delocalization of the porphyrin ring current. In the 450-800nm region, the four Q Bands,
which are weaker, appear to be responsible for the rich color of porphyrins. In the early
1960s, Gouterman®®* studied the molecular orbitals of porphyrin rings in various
electronic states. His research led to the conclusion that there are two HOMO and two
LUMO molecular orbitals which are degenerate. HOMO is defined as the highest
occupied molecular orbital and LUMO, respectively, the lowest unoccupied molecular
orbital. The HOMO has a1, and a,, symmetry, while LUMO has ez symmetry. (Fig. 4.5)
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one @ gg
azu atu
€gx €gy
Figure 4.5: The two molecular orbitals HOMO a porphyrin ring is degenerate in symmetries alu and a2u. Both LUMO
molecular orbitals have e; symmetry.

According to this theory, the absorption bands in porphyrin systems arise from
transitions between two HOMOs and two LUMOs. The metal centre and the
substituents on the ring affect the relative energies of these transitions. The permitted
transitions occur between it to m *. The Soret Band results from a;, to eg transitions,
while the Q Band is due to a, to e4 transitions. (Fig. 4.6)

€gy LUMO +1

€gx LUMO

Qx Qy By Bx

a1u HOMO
au HOMO -1

Figure 4.6: Permitted electron transitions from HOMO to LUMO orbitals.

Looking into a characteristic UV-Vis spectrum (Fig. 4.7) of a free-base porphyrin, we
can observe the Soret Band around 400nm and the Q bands between 500-650nm.
Different substituents on the porphyrin ring do not affect the pattern of the spectra, but
they may cause redshift (moving to the right) or blueshift (moving to the left).
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Figure 4.7: Absorption spectrum of a free base porphyrin.

In the case of metallated porphyrin, the pattern of the UV-Vis spectrum is changing.
We can observe the Sorret band, but in the case of the Q bands, the identity of the
metal can change the spectrum radically. Metalloporphyrins can be divided into two
groups based on their UV-vis and fluorescence properties: (1) Regular
metalloporphyrins contain closed-shell metal ions (d° or d*°)—for example zn Il , in
which the d r (dxz , dyz ) metal-based orbitals are relatively low in energy. These have
very little effect on the porphyrin it to m* energy gap in porphyrin electronic spectra. (2)
Hypsoporphyrins are metalloporphyrins in which the metals are of d™ (m = 6-9), having
filled d m orbitals. In hypsoporphyrins there is significant metal d i to porphyrin m*
orbital interactions (metal to ligand m- backbonding). This results in an increased

porphyrin  to m* energy separation, causing the electronic absorptions to undergo
blueshifts. (Fig. 4.8)

\__/—/\/\ “r
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Figure 4.8: Comparison Q region spectrum of different metalloporphyrins.
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The following spectrum includes the spectra of reference compounds, 1:1 eq of the
reference in the same solution and also H,P-Ru. The spectrum of the reference porphyrin is
a characteristic free-base porphyrin spectrum with an intense Soret band at 421 nm and
moderate Q bands at 516, 551, 591, 649 nm. The characteristic bands of the ruthenium
polyripydyl complex (Ruct) can also be observed, with a band around 320 nm as result of
ligand-centered (LC) m = m* transition and a band at 515 nm as a result of metal-to-ligand
charge transfer (*MLCT). With regards to the dyad synthesized during this thesis: H,P-Ru, we
can observe the porphyrin’s characteristic bands and also the band of the ruthenium
complex. It is clear that the dyad’s spectrum is the sum of its components, which means
there are no interactions between the two moieties in the ground state. (Fig. 4.9)

4 30000}
g 20000}
F'E 3F E 10000}
s o=, . .
o 2} 500 600 700
E —HP
— Ru
1 i cat
_— HZ-P-RUcat
- HZ_P + Rucat
0 1 %_
300 400 500 600 700

wavelength / nm

Figure 4.9: UV-vis absorption spectra for the dyad and the reference compounds. H,-P-Ru.,:. Solvent was
chloroform except for the Ru,:. (in acetonitrile).

A similar picture was also given by the ZnP-Ru dyad. We can observe the two Q
bands of the Zinc porphyrin and the characteristic Sorret. The dyad spectrum is clearly the
result of the sum of the components, which indicates no interactions in the ground state
too. (Fig. 4.10). It appears that the individual features of the two moieties are not
significantly altered, although the Soret band is less intense in the dyads. This perturbation
has previously been observed in similar systems.”
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Figure 4.10: UV-vis absorption spectra for the dyad and the reference compounds. Zn-P-Ru ;. Solvent
was chloroform except for the Ru,;. (in acetonitrile).

4.3  Emission Spectroscopy

Emission spectroscopy is another method to study the interactions between the two
parts of the dyads, however, in this case they are in the excited state. Radiative transitions
involve the absorption of a photon, followed by either the transition to a higher energy level
or by emission. The Non-radiative transitions arise through several different mechanisms.
The sum of the possible radiative or non radiative transitions are being presented in
Jablonski diagram.”® (Fig. 4.11)

Relaxation of the excited state to its lowest vibrational level is called Vibrational
relaxation. This process involves the dissipation of energy from the molecule to its
surroundings, and thus, it cannot occur for isolated molecules. A second type of non-
radiative transitions is internal conversion (IC), which occurs when a vibrational state of an
electronically excited state can couple to a vibrational state of a lower electronic state. A
third type is intersystem crossing (ISC); this is a transition to a state with a different spin
multiplicity. In molecules with large spin-orbit coupling, intersystem crossing is much more
important than in molecules that exhibit only small spin-orbit coupling. This type of non-
radiative transitions can give rise to phosphorescence.
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Figure 4.11: Jablonski diagram shows the sum of radiative or non radiative transitions.

The differences between the vibrational levels of the basic and excited states are
similar, causing the fluorescence spectrum to often be almost identical to the first
absorption band. The difference in wavenumber between the maximum absorption of the
first film and the maximum fluorescence is called ‘Stokes shift’. The photon emission and
absorption are equally rapid processes; the excited molecules remain in the S; for some
time, which ranges from a few picoseconds up to several nanoseconds. After the excitation
of a population of molecules, the fluorescence intensity increases exponentially, reflecting
the average life of the molecules in the first excited state. The quantum fluorescence yield,
@y, is the quotient of the number of photons emitted to the number of absorbed photons.

The fluorescence quenching refers to any process which decreases the fluorescence
intensity of a given substance. Different processes can lead to quenching, such as excited
state reactions, energy transfers, complex-formation and collisional quenching. Through
emission spectroscopy we can compare the reference compounds’ fluorescence and also
that of the dyads’, and investigate the electron transitions. Below we can see some

representative fluorescence spectra of the dyads and their reference compounds. (Fig. 4.12
and 4.13)
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Figure 4.12: Emission spectra in chloroform (acetonitrile for Ru..:) of compounds investigated. Excitation wavelength: 590
nm for H,-P and H,-P-Ru_,: and 515 nm for Ru 4.
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Figure 4.13: Emission spectra in chloroform (acetonitrile for Rucat) of compounds investigated. Excitation wavelength: 555
nm for Zn-P and Zn-P-Rucat and 515 nm for Rucat.

Through emission spectroscopy, it was possible to partially characterize the excited
state of the dyads. Upon irradiation, the H,P-Ru was at 590 nm, where 70% of the incident
light was absorbed by the H,-P moiety and the resulting luminescence spectrum in
chloroform (Fig. 4.12) shows bands at 655 nm and 715 nm. These originate from the
porphyrin fluorescence with a small contribution to the 715 nm peak coming from the Ruc,t
luminescence. However, the emission quantum yield is significantly reduced in the dyad (®r
=0.0024, Table 4.2) as compared to the reference H,-P (@ = 0.118). This behavior indicates
the presence of an intramolecular reaction (energy or electron transfer) responsible for the
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deactivation of the singlet excited state of the porphyrin. Upon excitation at 532 nm, only
40% of the incident light is absorbed by the H,-P moiety and the fluorescence quantum yield
accordingly decreases to @= 0.0012, suggesting that singlet-singlet energy transfer from Ru
'MLCT excited state and porphyrin singlet excited state does not operate, otherwise @
would have not changed. Therefore, excitation, either of the porphyrin moiety or of the
ruthenium, results in the formation of a 3MLCT excited state, which in ruthenium
polipyridine complexes, at room temperature, decays in less than 1 ps.””*®

compound @, A/ DM Es/eV @ E;/eV 1 /us
Ru,, 0.004 717 ~1° ~1.85" <001
H,-P 0.118 655,714 191° 088 151 25
Zn-P 0.039 610, 655 2065 0.90° 159 12
H,-P-Ru,, 0.0024 655,714 2.5
Zn-P-Ru,,, 6.2x10* 610, 655,750 1.9

Table 4. 2:  expected by analogy with [Ru(bpy)3]2+ and [Ru(tpy)2]2+ estimated according to ref. 8 (cfr Sl); © 0-0 transition
obtained from the intersection between normalised absorption and fluorescence spectra; dfrom maximum of
phosphorescence at 77K (cf Si).

In the case of the Zn-P-Ru¢,: dyad, upon excitation at 555 nm, 85% of light is absorbed by
Zn-P moiety: emission quantum vyield is strongly decreased as compared to the reference
porphyrin and the spectrum exhibits, together with the porphyrin bands at 610 nm and 655
nm, a new broad band peaking at 750 nm (~1.65 eV), with 35 nm red-shifted as compared
to the Ruc emission (Fig. 4.13), indicating the presence of a low-lying emitting excited
state. This band was red-shifted and enhanced in a more polar solvent (Fig. 4.14). Decay
from this excited state, possibly due to the formation of an intramolecular exciplex, which
are stabilized in polar solvent, may prevent the formation of the triplet excited state.

200
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Figure 4.14: Emission in acetonitrile/acetone (50:50) solvent mixture. Excitation wavelength: 555 nm for Zn-P-Ru.y;, and 595
nm for H,-P-Ruy.
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From the energetics point of view, the dyads’ ability for electron transfer in between
the two moieties can be investigated through processing of the electrochemical data. They
can provide the opportunity to estimate the thermodynamic energy change for electron
transfer (Gibbs free energy change: AGeT) in such a system by using a Weller-type
analysis.”®(Fig 4.15)

Figure 4.15: Diagram for electron transitions.

AG = Egy(D'/D) -Ered(A/A™ ) -Eqg

In this equation, E,. is the oxidation potential of the electron donor, while the reduction
potential £(D’/D) describes the following process:

D +e>D
E,eqis the reduction potential E(A/A”) and describes the following process:
Ap+e > Ay

Eqo is the energy of the Sg to S; transition of the fluorophore, which can either be Dp or Ap.
This can be estimated using the maximum emission of the donor at 77 K, or from the
intersection between normalised absorption and fluorescence spectra.

The energy of the 'H,-P excited state is not sufficient to drive the reduction (AG =
+450 mV) or oxidation (AG = +110 mV) of the covalently linked ruthenium moiety. Although,
the singlet excited state of the porphyrin and the triplet >MLCT of Ruc.: lie very close in
energy. Energy transfer between these two levels is normally spin-forbidden, however, due
to the strong spin—orbit coupling, induced by the ruthenium heavy atom effect, this process
is most likely responsible for the quenching of the porphyrin excited state. °>%%1%!
Analogously to the case of H,-P-Ru dyad, for Zn-P-Ru the intramolecular electron transfer is
endergonic (AG = +120 mV) for either reduction or oxidation of the appended ruthenium
moiety. Thus, in this case, quenching of the porphyrin singlet excited state may occur either
by singlet-triplet energy transfer, which is thermodynamically favorable, or via the formation
of exciplex, which lies close (1.65 eV in chloroform, 1.59 eV in acetonitrile/acetone mixture)
to the triplet porphyrin excited state.

4.4 Transient Differential Absorption

Through intricate examination and characterization of transient excited states, the
photophysical influences of molecular sub-units can be defined, and one can begin to
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intelligently design increasingly more effective and efficient photo-active molecules.
Transient Absorption Spectroscopy is a time-resolved spectroscopy, ideal for studying
dynamic processes in chemical compounds.

Transient Absorption Spectroscopy is an extension of the Absorption spectroscopy,
also known as flash or pump-probe (PP) spectroscopy. The sample is being excited by a flash
of light and the absorbance at a particular wavelength, or range of wavelengths, is measured
as a function of time. In order to receive this kind of spectrum, the sample receives two
pulses one after the other: the pump and the probe. After passing the sample, the pump is
usually blocked, and the probe intensity is measured.

When the pump pulse excites the sample, some molecules leave the ground state
and are transferred to the excited state (solid green arrow). This means that the
concentration of ground-state molecules decreases and part of the ground state absorption
signal disappears. Therefore, at the wavelengths of ground state absorption, the absorption
difference becomes negative. The spectral shape of this negative contribution is identical to
that of the ground state absorption spectrum measured by a spectrophotometer (this is
what is missing, as some molecules are now in the excited state). This contribution to the
difference absorption signal is called ground state bleaching (GSB) and is shown in Fig 4.16B
by the green area curve. Over time, this signal remains until all the excited molecules return
to the original ground state, from which they were excited.

A__ B
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Figure 4.16: A. Energy levels of a molecule and some quantum transitions influencing the difference absorption spectrum. B:
The corresponding difference absorption spectrum and with separated contributions of different transitions.

Stimulated emission (SE) arises, when the probe pulse finds some of the molecules in
the excited state, and the photons of the probe pulse stimulate the emission of the sample
molecules (red dashed arrow in Fig. 4.16B). This is the phenomenon underlying the principle
of lasers. The photons radiated by the molecules have exactly the same polarization,
direction and wavelength as the photons that ‘dropped’ the molecules from the excited to
the ground state. It becomes apparent that this signal, similarly to the GSB signal, will be
negative. When the pump pulse is blocked, the number of photons reaching the detector
will be equal to the number of photons impinging on the sample (assuming no absorption).
When the pump pulse is unblocked, the detector will also receive all these photons plus the
photons emitted by the sample.

The induced absorption (IA) resulting from the fact that the molecules are in the
excited state, can absorb another photon and go to a higher excited state (dotted blue line
in Fig. 4.16A). This process can only occur in the excited molecules, therefore, after the
excitation, additional absorption appears and the related contribution to AA signal is always
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positive (blue area curve in Fig. 4.16B). However, it is noted that induced absorption can be
caused not only by the singlet excited states of molecules. If, for example, the excited
molecule has undergone intersystem crossing to the triplet excited state, triplet state
absorption will be observed S;—=> T,, analogously to transitions T; >T,.

In our case, the dyads were studied in order to identify the electron transitions
which were taking place. Upon excitation of H,-P-Ru, with a 532 nm laser pulse, only typical
features of the porphyrin triplet excited state'® were observed (Fig. 4.17), as obtained for
the reference H,-P under identical experimental conditions. The amplitude of AA in the dyad
is about 60% of AA in the free-base porphyrin. However, formation of the *H,-P exclusively
via intersystem crossing from 'H,-P state should yield only ~35% [@D,ps(Daps (H2-P)* Disc(H2-
P))] of the triplet porphyrin. This also suggests that the short-lived *Ruc,: is involved in
generating the >H,-P species, most likely by triplet-triplet energy transfer, which is a
downbhill reaction (AG =-340 mV). Surprisingly, the triplet excited state lifetime is shorter in
the dyad (2.5 ps) than in the reference H,-P (25 ps). This effect, previously observed in
dyads where the ruthenium ion is in close proximity of a porphyrin moiety, has been
attributed to the heavy atom effect of the ruthenium, which enhances the spin-orbit
coupling interaction.'®>'® In conclusion, light absorption in the H,-P-Ru dyad results in the
formation of a triplet excited state, mainly localised on H,-P and having a lifetime of 2.5 ps.
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Figure 4.17: Transient absorption spectra at 100 ns after laser flash H,-P (magenta) and H,-P-Ru (green).
Excitation wavelength: 532 nm. Absorbance: 0.1. Laser energy: 9-10 mJ. Inset: kinetic traces at 515 nm
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Excitation with a laser pulse of the Zn-P-Ru dyad had the formation of the porphyrin
triplet excited state (Figure 4.18) with AA being ~50% of that of the reference Zn-P and no
other intermediate detected, suggesting that intersystem crossing from 'Zn-P* excited state
might be the only state to generate *Zn-P*. In conclusion, light absorption in the Zn-P-Ru

dyad results in the formation of a triplet excited state, mainly localized on Zn-P, and having
a lifetime of 1.9 ps.
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Figure 4.18: Zn-P (blue) and Zn-P-Ru (orange) in acetone/CH3CN (50:50) argon-purged solutions. Excitation
wavelength: 532 nm. Absorbance: 0.1. Laser energy: 9-10 mJ. Inset: kinetic traces at 630 nm.

The following scheme (Scheme 4.1) summarizes the results of the photophysical
studies and the electron transitions which take place between the porphyrin and ruthenium
complex.

(HaP-"Ru)* (ZNP-1RU) * e
ISC
(1H P-Ru)* = mrp— (H P-SRU)* (1ZnP-Ru)*_._
2 S-T Energy = 12 g5 eV 2.06 eV (ZnP-3Ru)*
Loty Transfer T-TEnergy ~ T 1.85eV
Transfer . . .
( Tzspl-R;) (znPE-Ru)* St (*ZNP-RU)*
e 1.65 eV 1.59 eV
hv hv

Scheme 4. 10: Energy scheme for intramolecular reaction within the dyads H,-P-Ru (left) and Zn-P-Ru (right). Yellow arrows,
light absorption; red arrows, emission; blue arrows, intramolecular transitions.
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4.5 Photoinduced electron transfer

Having assessed that light absorption ultimately produces, in both dyads, a porphyrin
triplet excited state lasting about 2 ps, we studied the reactions initiated in the presence of
a reversible electron acceptor (methyl viologen, MV?) in order to investigate the possibility
for it to oxidize Ru by an intramolecular electron transfer reaction. In both dyads, excited at
532 nm, the triplet state was quenched by MV** with a rate constant close to the diffusion
limit (~10° M™ s'). The transient spectra recorded 1 us after the laser pulse (Fig. 4.19)
indicates the formation of the radical ion pair MV'" (positive absorption bands at 400 nm
and 610 nm) and H,-P**-Ru or Zn-P**-Ru respectively (broad positive absorption band
between 500 and 800 nm, on which negative bands, due to the ground state depletion of
the Q bands, are superimposed).

These spectral characteristics match well with those observed with the reference
porphyrins H,-P** or Zn-P** and are consistent with the literature.’®*'®> However, after the
initial formation of the porphyrin radical cation, a different behavior was observed for the
two dyads. In the case of H,-P-Ru, the H,-P*" initially formed, evolved in 1.5 us (Fig. 4.19,
inset, kinetics at 665nm and 500 nm) to yield the formation of Ru(lll) characterized by an
absorption depletion between 400 nm and 560 nm'® (spectrum at 10 us), while the
absorption due to MV"* (610 nm, inset) was only slightly decreased. Subsequent charge
recombination between MV"* and Ru(lll) occurred in ~200 ps. In contrast, in the case of Zn-
P-Ru, once the MV and ZnP"" radical species were formed (Fig. 4.19, right), only charge
recombination in 200 us (inset) without formation of Ru(lll) was observed. The difference
between the two dyads is rationalized by considering their different electrochemical
properties. Due to the higher oxidation potential of the P*/P couple in the dyad H,-P-Ru, a
driving force AG =-200 mV is available for H,-P"* to oxidize Ru(ll), whereas in the dyad Zn-P-
Ru, the available driving force for Zn-P** to oxidize Ru(ll) is close to zero (table 1) and
therefore an equilibrium is expected to be established between Zn-P** and Ru(lll).

0.10 7/F
0.30
0.08 | 0.25
——H,pP, 1ps
0.06 | ——H,P-Ru_, 1ps 0.20
—H,P-Ru_, 10 us
ooal 0.15 ZnP, 1 us
ZnP-Ru_,, 1 ps
0.10 ZnP-Ru_, 10 ps
0.02
o’ Lé‘%
0.00
0.00
-0.02 7F L 1 1 1 1 1 -0.05 L/) 1 1 1 1 1 1
350 500 550 600 650 700 750 800 350 400450 500 550 600 650 700 750 800
wavelength / nm wavelength / nm

Figure 4.19: Left: differential absorption spectra of acetone/CH;CN (50:50) solutions of H,-P-Ru and H,-P in the
presence of 10 mM MV (inset: kinetics at 500, 610 and 665nm). Right: Zn-P-Ru and Zn-P in the presence of 10
mmM MV (inset: kinetics at 395, 500 and 670).
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4.6 Density functional theory (DFT)

Density functional theory (DFT) is a computational quantum mechanical modeling
method widely used in Physics, Chemistry and Materials Science to investigate the
electronic structure of molecules in the ground and excited state. Using this theory, the
properties of a multi-electron system can be determined. In our case, by using functionals,
the electron density of the dyads was calculated and the HOMO-LUMO gap was
determined.

Firstly, the structure and the orientation of the dyads in the gas phase were
determined, shown on the following figure. (Fig. 4.20) The tpy ligand of the ruthenium
complex was found on the same planar as the porphyrin ring.

Figure 4.20: Gas phase of H2-P-Ru and Zn-P-Ru.

The HOMO and LUMO energies were then calculated. The HOMO-LUMO gap was
calculated as 2,64 and 2,56 eV for the free base and Zinc dyad respectively. The HOMO-
LUMO gap was calculated by electrochemical data through the following equations (Eq 4.1
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for HOMO, 4.2 for LUMO) and were found to be 2,02 and 2,81 eV for the free base and Zinc
dyad respectively.

Eyomo = —(EonsetoxVS[Fct/Fc] + 5,1)(eV) Equation 4. 1

Erumo = —(EonsetreaVS[Fct/Fc] +5,1)(eV) Equation 4. 2

osp =3 %
10 LUMO+2
15
20k
——» LUMO+2 -2.474
25 =——— LUMO+1 -2.514
3.0 ’
LUMO -2.579 LUMO+1
35
Energy -0}
Levels (eV)
45k
5.0~ _—» HOMO -5.214
e N __» HOMO-1 -5.517
=——=—>HOMO-2 -5.609
6.0
65|
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Figure 4.21: Energy Diagrams of H2P-Ru and ZnP-Ru.

4.7 Photooxidation Studies

After the previous studies, which indicated that in the case of H,P-Ru, the
chromophore (porphyrin) is able to activate the ruthenium moiety as a catalyst, the catalytic
properties were then further explored. As determined from previous studies, dyads of a
chromophore-catalyst can perform catalytic oxidations of different organic substrates
(alcohols, methyl-sulfides etc.).(Fig 4.22)

ﬁ\—,«—
0

acceptor hv Rl)I\R

Figure 4.22: Photooxidation of alcohols.

In order to determine the catalytic ability of the dyad through light harvesting,
photooxidation experiments were performed. The main protocol followed was adopted by
Rocha’s publication®® even though different modifications have taken place. Sealed vials
were used, containing 5.0 mL of an aqueous argon-degassed solution at pH 6.8 (0.10 M
phosphate buffer) with 0.02 mM of the catalyst, 10 mM of the substrate and 20 mM of the
sacrificial electron acceptor, and were then exposed to simulated visible sunlight irradiation
(I > 400 nm) for 24 hours. All experiments were performed at room temperature and
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atmospheric pressure while the reaction products were characterized by 'H NMR
spectroscopy.

Different modifications on the conditions took place concerning the solvent, the
concentration of the catalyst and the substrate, the sacrificial electron acceptor and the
substrate. Also, all synthesized dyads were examined for catalytic properties including those
which carry carboxylic groups after they have been attached to titanium oxide (TiO,). On the
following table(Table 4.3), the results of these experiments and their modifications are
summarized.

Catalyst® Conc.” Substrate” Conc.” EA Solvent TON®
H,P-Ru(Cl) 0.02 mM Benzyl alcohol 10.0 mM Na,S,0s Phosphate 70"
buffer/Aceton
H,P-Ru(Cl) 0.02 mM 4-Bromo- 10.0 mM Na,S,0s Phosphate 0
benzyl alcohol buffer/Aceton
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM Na,S,0s Phosphate 45
benzyl alcohol buffer/Aceton
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM Na,S,04 Phosphate 45
benzyl alcohol buffer/CHCl;
ZnP-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM Na,S,0s Phosphate 30
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM Na,S,04 Phosphate 30*
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.04 mM 4-Methoxy- 10.0 mM Na,S,0s Phosphate 25
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.04 mM 4-Methoxy- 10.0 mM Na,S,04 Phosphate 25
benzyl alcohol buffer/CHCl;
ZnP-Ru(Cl) 0.04 mM 4-Methoxy- 10.0 mM Na,S,0s Phosphate 15
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM [Co(NHs)s(Cl)]Cl, Phosphate 45
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.04 mM 4-Methoxy- 50.0 mM [Co(NH3)s(Cl)]Cl, Phosphate 110
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.04 mM 4-Methoxy- 10.0 mM [Co(NHs)s(Cl)]Cl, Phosphate 20
benzyl alcohol buffer/CHCl;
ZnP-Ru(Cl) 0.04 mM 4-Methoxy- 10.0 mM [Co(NH3)s(Cl)]Cl, Phosphate 30
benzyl alcohol buffer/CHCl;
H,P-Ru(OH) 0.04 mM 4-Methoxy- 10.0 mM [Co(NHs)s(Cl)]Cl, Phosphate 20
benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM [Co(NH3)s(Cl)]Cl, Phosphate 20
benzyl alcohol buffer*/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM [Co(NHs)s(Cl)]Cl, Phosphate ~0
benzyl alcohol buffer**/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM - Phosphate 70
on TiO, benzyl alcohol buffer/CHCl;
ZnP-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM - Phosphate 40
on TiO, benzyl alcohol buffer/CHCl;
H,P-Ru(Cl) 0.02 mM 4-Methoxy- 10.0 mM 4- Phosphate 45
benzyl alcohol Bromobezenediazonium buffer/Aceton
tetrafluoroborate
H,P-Ru(Cl) 0.02 mM Thioanisole 500 mM [Co(NHs)s(Cl)]Cl, H,0/Aceton 17,500
H,P-Ru(Cl) 0.02 mM Thioanisole 500 mM 4- H,0/Aceton 20,000

Bromobezenediazonium
tetrafluoroborate
Table 4. 3: ° Concentration of the catalyst, b concentration of the substrates, “TON= Nproduct/ Neatalyst # issues with work up, ?
[>420nm, *pH=5.7, **pH=8.
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5 Research proposal

It is a crucial need to investigate the dyads under the conditions of the
photooxidation experiments, using FLP (flash laser photolysis). This method is a pump-probe
laboratory technique, in which a sample is firstly excited by a strong pulse (called pump
pulse) of light from a laser of nanosecond, picosecond, or femtosecond pulse width or by a
short-pulse light source such as a flash lamp. This first strong pulse starts a chemical
reaction or leads to an increased population for energy levels other than the ground state
within a sample of atoms or molecules. Typically, the absorption of light by the sample is
recorded within short time intervals (by a so-called test pulses) to monitor relaxation or
reaction processes initiated by the pump pulse. It will allow to explore the effect of the
different sacrificial electron donors and also explain the low TONs in case of alcohols. It is
also very important to repeat these experiments using labelled water H,0™ in order to
confirm that the oxygen atom of the substrate.

Both these methods will give insight to the mechanism of the photocatalytic
reactions and may provide information in order to optimize the system. Also, they might be
very constructive and promote new synthetic approach in order to construct more efficient
dyads.
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6 Experimental
Synthesis
Group |

Synthesis of 5(4-methoxycarbonylphenyl),15(4-nitrophenyl)-10,20-di(2,4,6- trimethylphenyl)
porphyrin.

1. 1+ 2, MeOH,HCI

+ + 2. +3, MeOH,HCI
<\ r N\
N\ NH N=

e 3
4

Dipyrromethane (1) (4 mmol) and aldehyde (2) (2 mmol) were dissolved in MeOH
(200 mL). Subsequently a solution of HCI (36 %, 10 mL) in water (200 mL) was added and the
reaction mixture was stirred at room temperature for 1 h. The precipitate formed was
filtered through a Buchner funnel, washed with MeOH/water (1:1, 200 mL), and then with
water (200 mL). The bilane (0.5 mmol, 1 equiv) and aldehyde (3) (0.5 mmol, 1 equiv) were
added to degassed ethanol (200 mL) in a 1 L round- bottomed flask under argon. The
reaction mixture was stirred for 10 min and then a solution of aqueous HCI (36 %, 1 mL) in
water (50 mL) was added. The reaction mixture was stirred at room temperature for 16 h
under argon in the dark. The usual work-up consisted of one extraction with chloroform
(200 mL), washing with water (3 100 mL), and then with a saturated aqueous solution of
NaHCO3 (100 mL). The organic layer was briefly dried on anhydrous MgSO4 and then
oxidized with p-chloranil (370 mg, 1.5 mmol, 3 equiv) for 1 h by heating at reflux. . The
desired compound was isolated using silica column chromatography CH,Cl, to obtain

compound (4) as a purple solid (316 mg, 39,4%).

1H NMR (500 MHz, CDCI3):5 = 8.75 (m, 4 H), 8.72 (d, J = 4.5 Hz, 2 H), 8.70 (d, J = 5 Hz, 2H),
8.63 (d, = 8.5 Hz, 2 H), 8.43 (d, J = 8.5 Hz, 2 H), 8.41 (d, J= 8.5 Hz, 2 H), 8.31 (d, J = 8 Hz, 2 H),
7.29 (s, 4 H), 4.11 (s, 3 H),2.63 (s, 6 H), 1.84 (s, 12 H), —2.64 (s, 2 H) ppm.

13C NMR(125 MHz, CDCI3): 6 = 167.5, 149.2 147.9, 146.8, 139.4, 138.2,135.2, 134.6, 130.9,
130.7,129.8,128.1, 128.0, 122.0, 119.3, 118.8, 116.4,52.6, 21.8, 21.6 ppm.

HRMS (MALDI-TOF): calcd. For Cs;Ha3sNsOs 801.3315 [M]+; found 801.3304. Cs;HaszNsOa
(801.94):calcd. C 77.88, H 5.40, N 8.73; found C 77.74, H 5.53, N 8.62.
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Synthesis of 5(4-methoxycarbonylphenyl),15(4-aminophenyl)-10,20-di(2,4,6-
trimethylphenyl) porphyrin.

Pd/C, THF, Et;N

 ——

Hy, it

4

The porphyrin (4) (0.100 g, 0.125 mmol) was added in a mixture of anhydrous THF
(30 mL) and anhydrous EtsN (70 pL) containing 10% Pd / C (0.022 g, 0.22 mmol). For 3 h the
reaction mixture was under constant stirring and under hydrogen atmosphere at room
temperature. Then Celite pad was used to filter the reaction mixture and been distilled. For
purification of porphyrin 5 column chromatography was used (silica gel, CH,Cl,). (0.090 g
93%)

'H NMR (500 MHz, CDCI3): & =8.91 (d, J = 4.5 Hz, 2 H), 8.72 (m, 6 H), 8.44 (d, J = 8 Hz, 2
H),8.32 (d, /= 8.5 Hz, 2 H), 8.01 (d, J = 8 Hz, 2 H), 7.29 (s, 4 H),7.06 (d, J = 8 Hz, 2 H), 4.12 (s, 3
H), 2.64 (s, 6 H), 1.85 (s, 12 H),~2.58 (s, 2 H) ppm.

C NMR (125 MHz, CDCI3): & = 167.5, 147.2,146.2, 139.5, 138.6, 137.9, 135.7, 134.7, 132.3,
131.8, 130.9, 130.4,130.1, 129.6, 128.0, 127.9, 120.6, 118.5, 117.5, 113.6, 52.5, 21.8 21.6

HRMS (MALDI-TOF): calcd. for Cs;HasNsO, 771.3573 [M]+; found 771.3606.

Synthesis of 5(4-methoxyperoxyphenyl),15(4-terpyphenyl)-10,20-di(2,4,6- trimethylphenyl)
porphyrin [compound (11)]

\

S \

1.50Cl, 80°C L
2.Dry THEETN

700°C, overnight

4—([2,2':6”,2”—Terpyridin]—4'—yl)benzoic acid (terpy- COOH) (75 mg, 0.21 mmol) was
dissolved in SOCI2 (2.8 mL) and stirred under an argon atmosphere at 80 °C for 2 h. SOCI2
was removed under reduced pressure and the resulting acyl chloride terpyridine was dried

55|Page



under high vacuum at 50 °C for 1 h. The resulting solid was dissolved in anhydrous THF (9
mL) and anhydrous triethylamine (0.1 mL) and porphyrin (5) (55 mg, 0.07 mmol) were
added. The reaction mixture was heated under argon at 70 °C overnight. The solvent was
removed under reduced pressure, CHCI, (80 mL) was added and the mixture was washed

with water (3x50 mL). The organic layer was dried with NaySOy, filtered and concentrated.

The desired compound was isolated using silica column chromatography CH,Cl, : MeOH
(100 : 6) to obtain compound (11) as a purple solid (72 mg, 91%).

'H NMR (500 MHz, CDCl;): 6= 8.87 (d, J = 4.7 Hz, 2H), 8.85 (s, 2H), 8.78 (m, 2H), 8.73 (m, 8H),
842 (d, J = 8.4 Hz, 2H), 836 (s, 1H), 8.31 (d,)=8.4Hz,2H),8.25 (d,J=8.5Hz,2H), 8.20
(d,J=8.5Hz, 2H), 8.13 (d,J=8.5Hz,2H), 8.10 (d,J=8.5Hz,2H), 7.93 (dt,J1 = 7.7 Hz, J2 = 1.8 Hz,
2H), 7.41 (m, 2H), 7.29 (s, 4H), 4.11 (s, 3H), 2.64 (s, 6H), 1.85 (s, 12H), 2.60 (s, 2H).

B3C NMR (75 MHz, CDCly): d 167.5, 165.7, 156.3, 156.1, 149.3, 147.1, 142.3, 139.5, 138.5,

138.4, 138.0, 137.9, 137.3, 135.5, 135.3, 134.7, 131.1, 131.0, 130.5, 129.6, 128.0, 127.9,
124.2,121.7,119.2, 118.8, 118.7, 117.9, 52.5, 21.8, 21.6.

HRMS (MALDI-TOF) calcd for C74H58N803 [M]+ 1106.4632, found 1106.4628.

Synthesis of ruthenium complex Ru(bpy)(DMSO), Cl; (9)

S. Cl
- N
z [Ru(DMSO0)4(Cl)2] \o\l\au/N
MeOH, reflux 0"/ >N
g7
| 9

The compound (9) was synthesized according to this reference.'”’

Synthesis of 5(4-methoxyperoxyphenyl),15(4-[(RubpyterpyCl)phenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin. (compound H,-P-Ru)

The ruthenium complex (Ru(bpy)(DMSO), Cl,) (55 mg, 0.11 mmol) was added to a
solution of H,-P-terpy (11) (75 mg, 0.07 mmol) in acetic acid (30 mL) and the mixture was
stirred under nitrogen at 100 1C overnight. After removing the solvent, the product was
purified by column chromatography on silica CH,Cl, : MeOH (100 : 7) giving H,-P-Ru as a
purple solid (70 mg, 74%).
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'H NMR (500MHz, CDCl,): 8= 11.15 (brs,1H) ,10.36 (s,1H) ,8.89 (d,)=3.5Hz,2H) ,8.83 (brs,2H)
,8.73 (d,)=4.5Hz,2H) ,8.68 (d,J=4.5Hz,4H) ,8.64 (d,J=4.5Hz,2H) ,8.52 (d,J= 6.5 Hz, 2H) , 8.42 (d,
J=7.9 Hz, 4H) , 8.30 (d, J = 7.9 Hz, 3H) , 8.19 (br s, 2H) , 8.08 (d, J = 6.5 Hz, 2H) , 7.96 (br s,
2H), 7.75 (br s, 1H), 7.47 (br s, 4H), 7.30 (br s, 1H), 7.22 (s, 4H), 7.15 (br s, 1H), 7.05 (br s,
2H), 6.78 (brs, 1H), 4.10 (s, 3H), 2.56 (s, 6H), 1.78 (s, 12H), 2.61 (s, 2H).

BC NMR (125 MHz, CDCly): 167.5, 167.2, 158.7, 158.3, 157.8, 155.9, 152.8, 151.5, 147.0,

144.0, 139.5, 139.4, 138.4, 137.9, 137.3, 137.0, 136.5, 135.4, 135.2, 134.7, 131.2, 129.6,
129.5, 128.1, 127.9, 127.5, 127.2, 126.8, 126.6, 125.1, 123.3, 120.0, 119.9, 119.2, 118.6,
117.8,52.6, 21.8, 21.6.

HRMS (MALDI-TOF) calcd for CgqHggClaN1gO3Ru [M CII* 1399.4051, found
1399.4077.

Synthesis of Zn-5(4-methoxyperoxyphenyl),15(4-[(RubpyterpyCl)phenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin. (compound Zn-P-Ru)

f\\E\}\ AN

LN N

E,JN\ N=
Zn(OAc)»2H,0 N SN
Ty N -
CH,Clp,MeOH A Ay

1t
Y ‘

To a stirred solution of H,-P-Ru (30 mg, 0.02 mmol) in CH»Cl5 (15 mL) and MeOH (3

mL) zinc acetate dihydrate (85 mg, 0.39 mmol) was added. The reaction mixture was stirred
at room temperature overnight. The solvent was removed using a rotary evaporator and the
desired compound was isolated by silica column chromatography CH2CI2 : MeOH (100:8) to
obtain Zn-P-Rucat as a purple solid (29 mg, 93%).

'H NMR (500 MHz, (DMSO-dg)): 8= 10.93 (s, 1H), 10.14 (d, J = 5.1 Hz, 1H), 9.35 (s, 2H), 9.04
(d, J = 8.1 Hz, 2H), 8.96 (d, J = 8.2 Hz, 1H), 8.83 (d, J = 4.4 Hz, 2H), 8.71 (d, J = 4.4 Hz, 2H),
8.68 (d, ) = 8.5 Hz, 1H), 8.61 (m, 6H), 8.46 (d, J = 8.0 Hz, 2H), 8.36 (m, 5H), 8.31 (d, J
=8.0Hz,2H),8.23(d,J=8.0Hz,2H),8.09(m,3H),7.81(t,J=7.5Hz,1H),7.67(d,J=5.4Hz,2H),7.48(d,)=
6.0 Hz, 1H), 7.43 (t, J =6.5 Hz, 2H), 7.33 (s, 4H), 7.11 (t, J = 6.5 Hz, 1H), 4.04 (s, 3H), 2.59 (s,
6H), 1.80 (s, 12H).

C NMR (125 MHz, DMSO-dg): 166.5, 135.3, 158.6, 158.3, 158.0, 155.6, 152.0, 151.9, 149.4,

149.1, 149.0, 148.7, 147.8, 143.8, 139.3, 139.1, 138.6, 138.4, 138.0, 137.0, 136.9, 136.0,
135.7, 134.5, 134.4, 132.1, 131.6, 130.4, 130.2, 129.4, 128.8, 128.6, 127.6, 127.3, 127.0,
126.5,124.2,123.8,123.6, 120.2, 119.8, 118.5, 118.2, 118.0, 52.4, 21.4, 21.0.

HRMS (MALDI-TOF) calcd for C84Hg4CIN1003RuZNn [M CI]+ 1461.3186, found 1461.3171.
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Synthesis of 5(4-carbooxyphenyl),15(4-[(RubpyterpyCl)phenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin. (compound H,P(-COOH)-Ru).

To a THF (6 mL) and MeOH (3 mL) mixed solution of H,P-Ru (27 mg, 0.0194 mmol),
an aqueous solution (3 mL) of KOH (109.06 mg, 1.9436 mmol) was added. The reaction
mixture was stirred at room temperature for three days and then the solvents were
evaporated under vacuum and distilled H20 (10 mL) was added to the resulting residue. The
mixture was acidified using HCI(aq) 1 M resulting in the precipitation of H,P(-COOH)-Ru as a

purple solid which after being filtered, washed with distilled water and dried, was collected
(26,5 mg, 99%).

The 'H and >C NMR spectrum could not be recorded due to its limited solubility in
CDCls.

Synthesis of Zn-5(4-carbooxyphenyl),15(4-[(RubpyterpyCl)phenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin. (compound ZnP(-COOH)-Ru).

KOH, MeOH/THF HOOC

rt

To a THF (6 mL) and MeOH (3 mL) mixed solution of ZnP-Ru (28 mg, 0.0194 mmol),
an aqueous solution (3 mL) of KOH (109.06 mg, 1.9436 mmol) was added. The reaction
mixture was stirred at room temperature for three days and then the solvents were
evaporated under vacuum and distilled H20 (10 mL) was added to the resulting residue. The
mixture was acidified using HCI(aq) 1 M resulting in the precipitation of H,P(-COOH)-Ru as a

purple solid which after being filtered, washed with distilled water and dried, was collected
(27,4 mg, 98%).

The 'H and >C NMR spectrum could not be recorded due to its limited solubility in
CDCls.
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Group Il

Synthesis of 5-10-15-20-Tetraphenyl porphyrin (6)

VAR propionic acid
_—
+ N reflux
o~ :

The porphyrin (6) was synthesized according to this Adler and Longo’s work.®

Synthesis of 5,10,20(triphenyl-)-15(4-nitrophenyl-) porphyrin (7) and 15(4-amino)-
5,10,20(triphenyl-) porphyrin (8).

O O s,
icebath
J°

The porphyrin derivatives (7) and (8) were synthesized according to this reference.'®
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Synthesis of 5,10,20(triphenyl-)-15(4-terpyphenyl) porphyrin (12).

1.50Cl, 80°C\—/

ey
2.Dry THF,ET3N
70°C, overnight

‘ 12

4—([2,2':6”,2”—Terpyridin]—4'—yl)benzoic acid (terpy -COOH) (75 mg, 0.21 mmol) was
dissolved in SOCI, (2.8 mL) and stirred under an argon atmosphere at 80 °C for 2 h. SOCI,
was removed under reduced pressure and the resulting acyl chloride terpyridine was dried
under high vacuum at 50 °C for 1 h. The resulting solid was dissolved in anhydrous THF (9
mL) and anhydrous triethylamine (0.1 mL) and porphyrin (8) (44 mg, 0.07 mmol) were
added. The reaction mixture was heated under argon at 70 °C overnight. The solvent was
removed under reduced pressure, CHCl, (80 mL) was added and the mixture was washed
with water (3x50 mL). The organic layer was dried with Na,SO,, filtered and concentrated.

The desired compound was isolated using silica column chromatography CH,Cl, : MeOH (100
: 6) to obtain compound (11) as a purple solid (60 mg, 90%).

NMR
Synthesis of 2,2'-Bipyridine-4,4'-dicarboxylic ester
N N
N
N COOH H2804,MeOH
reflux }
COOH

2,2'-Bipyridine-4,4'-dicarboxylic acid (200mg,) was dissolved in MeOH (1,2ml) and
(0,4ml) H,S04 and stirred at 100 °C for 24 h. MeOH was removed under reduced pressure,
Diethyl ether (40 mL) was added and the mixture was washed with water (3x50 mL). The
organic layer was dried with Na;SO,, filtered and concentrated. (mg,96%)

Synthesis of ruthenium complex Ru(bpy(-COOH),)(DMSO), Cl, (10)
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N [RUDMSO),(Cl)al g
RN
u
MeOH, reflux <N
: 0" >N
e
| 10

The compound (9) was synthesized according to this reference.'”’

Synthesis of 5,10,20(triphenyl-)-15-[(Rubpy(MeCOO),terpyCl)phenyl-] porphyrin (H,-
TPP-Ru).

= CH3COOH, 80°C

The ruthenium complex (Ru(bpy(-COOH);,)(DMS0)2CI2) (10) (55 mg, 0.11 mmol) was
added to a solution of H,-TPP-terpy (12) (65 mg, 0.07 mmol) in acetic acid (30 mL) and the
mixture was stirred under nitrogen at 100 1C overnight. After removing the solvent, the
product was purified by column chromatography on silica CH,Cl, : MeOH (100 : 7) giving H»-
TPP-Ru as a purple solid (73 mg, 76%).

Synthesis of Zn-5,10,20(triphenyl-)-15-[(Rubpy(MeCOO),terpyCl)phenyl-] porphyrin (Zn-TPP-
Ru).

Zn(OAC),2H,0
- >
CH,Clp,MeOH
rt

To a stirred solution of Hy-TPP-Ru (27 mg, 0.02 mmol) in CH>Cl, (15 mL) and MeOH

(3 mL) zinc acetate dihydrate (85 mg, 0.39 mmol) was added. The reaction mixture was
stirred at room temperature overnight. The solvent was removed using a rotary evaporator
and the desired compound was isolated by silica column chromatography CH2CI2 : MeOH

(100:8) to obtain Zn-TPP-Ru as a purple solid (27 mg, 95%).

The 'H and >C NMR spectrum could not be recorded due to its limited solubility in
CDCls.
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Synthesis of 5,10,20(triphenyl-)-15-[(Rubpy(HCOO),terpyCl)phenyl-] porphyrin

(H2-TPP-Ru(COOH),).

COOH

H,TPP-Ru(-COOH),

To a THF (6 mL) and MeOH (3 mL) mixed solution of H,P-Ru (23.5 mg, 0.0170 mmol),
an aqueous solution (3 mL) of KOH (95mg, 1.70 mmol) was added. The reaction mixture was
stirred at room temperature for three days and then the solvents were evaporated under
vacuum and distilled H20 (10 mL) was added to the resulting residue. The mixture was
acidified using HClaq) 1 M resulting in the precipitation of H,P-Ru(-COOH); as a purple solid
which after being filtered, washed with distilled water and dried, was collected (26,5 mg,
99%).

The 'H and >C NMR spectrum could not be recorded due to its limited solubility in
CDCls.

Synthesis of Zn-5,10,20(triphenyl-)-15-[(Rubpy(MeCOO),terpyCl)phenyl-] porphyrin
(Zn-TPP-Ru(-COOH),).

rt

To a THF (6 mL) and MeOH (3 mL) mixed solution of H,P-Ru (26 mg, 0.0180 mmol),
an aqueous solution (3 mL) of KOH (101 mg, 1.80 mmol) was added. The reaction mixture
was stirred at room temperature for three days and then the solvents were evaporated
under vacuum and distilled H20 (10 mL) was added to the resulting residue. The mixture
was acidified using HCl,) 1 M resulting in the precipitation of Zn-TPP-Ru(-COOH); as a
purple solid which after being filtered, washed with distilled water and dried, was collected
(24 mg, 97%).

The 'H and >C NMR spectrum could not be recorded due to its limited solubility in
CDCls.
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Synthesis of 5(4-methoxyperoxyphenyl),15(4-[phenylICHONHphenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin (H»-P)

O

THF, EtsN 70°C

Benzoyl chloride (32 mL, 0.27 mmol) and porphyrin (5) (35 mg, 0.05 mmol) were
dissolved in dry THF (4 mL) and dry triethylamine (50 mL) and the reaction mixture was
stirred under argon at 70 1C overnight. At this time the solvent was removed under reduced
pressure and the desired product was isolated by silica column chromatography CHCl, :
EtOH (98 : 2) to obtain the desired product as a purple solid (31 mg, 78%)

'H NMR (500 MHz, CDCl, ): 6= 8.86 (d, J = 4.7 Hz, 2H), 8.74 (d, J = 4.7 Hz, 2H), 8.72 (m, 4H),
8.43 (d, ) = 8.4 Hz, 2H), 8.32 (d, J = 8.4 Hz, 2H), 8.25 (d, J = 8.5 Hz, 2H), 8.18 (s, 1H), 8.05 (m,
4H), 7.63 (m, 3H), 7.29 (s, 4H), 4.11 (s, 3H), 2.64 (s, 6H), 1.85 (s, 12H), 2.61 (s, 2H).

C NMR (75 MHz, CDCly): 167.5, 166.2, 147.0, 139.5, 138.5, 138.3, 138.0, 137.8, 135.3,

135.2, 134.7, 132.3, 131.2, 131.0, 130.4, 129.6, 129.1, 128.0, 127.9, 127.3, 119.2, 118.7,
118.5, 117.9, 52.6, 21.8, 21.6.

HRMS (MALDI-TOF) calcd for CsgHagNsO3 [M]* 875.3835, found 875.3841.

Synthesis of Zn5(4-methoxyperoxyphenyl),15(4-[phenylICHONHphenyl]-10,20-di(2,4,6-
trimethylphenyl) porphyrin (Zn-P).

Zn(0AC),2H,0
—_—
@ CH,Cl,,MeOH @
rt
O zn-P

Hy-P

A mixture of H,-P (27 mg, 0.03 mmol) and zinc acetate dihydrate (67 mg, 0.30 mmol)
in CH,Cl, (8 mL) and MeOH (2 mL) was stirred at room temperature overnight. The solvent
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was removed using a rotary evaporator and the desired com- pound was isolated by silica
column chromatography CH,Cl, : EtOH (98:2) to obtain Zn-P as a brown solid (26 mg, 92%).

'H NMR (500 MHz, CDCL,): 8= 8.94 (d, J = 4.6 Hz, 2H), 8.82 (d, J = 4.6 Hz, 2H), 8.79 (m, 4H),
8.42 (d, ) = 8.0 Hz, 2H), 8.32 (d, J = 8.0 Hz, 2H), 8.25 (d, J = 8.1 Hz, 2H), 8.16 (s, 1H), 8.03 (d, J
= 7.4 Hz, 4H), 7.61 (m, 3H), 7.28 (s, 4H), 4.10 (s, 3H), 2.63 (s, 6H), 1.83 (s, 12H).

The *C NMR spectrum could not be recorded due to its limited solubility in CDCl;. HRMS
(MALDI-TOF) calcd for CsgHsa7N503 [M]* 937.2970, found 937.2963.
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