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Abstract

The controlled synthesis of a variety of benzoic acid porphyrins ranging from
monomers to arrays for the modification of TiO, and GaAs semiconductors, and sulfur
functionalised porphyrin monomers for attachment to GaAs and Au surfaces was
achieved. A semi-quantitative study of the photosensitisation of TiO, by the porphyrin

acids was carried out.

The syntheses of B-styryl linked porphyrin benzoic acids and some meso-substituted
benzoic acid porphyrins was successfully carried out employing Wittig chemistry and
classical porphyrin-forming condensation reactions with appropriate formyl methyl
esters. Hydrolysis of the resulting porphyrin esters provided a facile and reliable acid
synthesis, particularly where multi-step reactions were necessary. It was also
demonstrated that acid functionality on porphyrins could be generated from aldehydes
via esters, even though direct oxidation of the aldehydes to acids could not be achieved.
The syntheses of "dipole" and "collinear" diporphyrins were achieved, providing two
different porphyrin light harvesting arrays for evaluation on semiconductor surfaces.
As a result of the synthesis of a new linear diporphyrin Building Block C, an alternative
pathway to the controlled syntheses of mixed-metal and mixed-porphyrin arrays was
achieved. This provided an alternative strategy for the controlled placement of three
different metals into three different porphyrins of a linear triporphyrin, pentaporphyrin

and a larger star-shaped nonaporphyrin.

The exploitation of the stepwise controlled synthesis of the triporphyrin systems was
expanded to include mixed-porphyrin systems synthesised with a unique tetraester
porphyrin phosphonium salt. This phosphonium salt afforded mixed-diporphyrin and
mixed-triporphyrin arrays, which were hydrolysed to give "sticky" mixed-diporphyrin

and triporphyrin acid arrays.

An alternative milder and higher yielding stepwise Wittig method was developed for the
synthesis of a star shaped TXP pentaporphyrin. This new method involving milder base
conditions gives advantages over the traditional acid catalysed approach developed in

these laboratories. It is now possible to build these arrays in a stepwise manner with
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acid labile metals present in the porphyrin moieties. Access to the controlled synthesis
of "sticky" mixed-pentaporphyrin arrays was then achieved using this new

methodology.

With the synthesis of a variety of unique benzoic acid functionalised porphyrin
monomers and multiporphyrin array systems, evaluation of their performance in the
dye-sensitised TiO, Gritzel cell was carried out. The development of a reliable solar
cell testing apparatus and procedures required to assess the solar cell performance of
these chromophores is presented. None of the conditions employed have been
optimised, but insights into the significance of the porphyrin photoelectrochemical cell
variables has been obtained. It was determined that the porphyrin acids are better
photosensitisers than their salts, and that Zn(II) metalloporphyrins performed best as
dyes. The results also suggest that Cu(II) metalloporphyrins are worth pursuing in
future where long term stability of the chromophores is required in solar cells. It was
also found that adsorption solvent choice, electrolyte composition and dye
concentrations are all critical to cell performance, and should all be optimised in future
studies. The tetraaryl B-substituted monoporphyrin acids were found to have a
significant advantage over the multiporphyrin arrays and other monoporphyrins

synthesised and examined in this work.

A variety of new disulfide porphyrins and some new 2- and 3-thienylporphyrins were
successfully synthesised. A new class of terthiophene-appended porphyrins was also
synthesised. Using a combination of Wittig chemistry and classical condensation
reactions, f-substituted, and bis- and tetra-meso-porphyrin variants were synthesised
and characterised. Both the bis- and tetraterthienylpoprhyrins were isolated as mixtures

of atropisomers.
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Chapter 1: Introduction

1.1 Molecules on Surfaces

Molecules have been attached to surfaces for a wide variety of reasons. By binding a
molecule to a surface through chemisorption or physisorption, the functionality and
properties of individual molecules may be immobilised to a specific location, phase and
orientation. Immobilisation can take place with little change in properties of the surface
or molecule. However, more frequently binding molecules to surfaces emanates from
the desire to enhance the properties of the molecule or surface or even produce
completely new properties. In short, the physical and chemical intra/inter-molecular
properties of attached molecular systems may be transmitted through to the
surface/substrate where they can be measured or transformed into other useful physical

and chemical processes.

Table 1-1. Common surfaces modified by molecules.

Insulators Semiconductors (SCs) Metals
SiO, SnO,, TiO, Au
Al O, Ge/GeO Pt
Si, InP Ag
CdSe, CdS Cu
GaAs

Molecular surface modification has been applied extensively to three important classes
of materials: insulators, semiconductors (SC) and metals (Table 1-1)."* These
surface/substrates could be comprised of metal or inorganic/organic SC compounds.
The surface component could differ from that of the substrate component or the bulk

may consist of a matrix of these components.

The types of molecules used and their applications vary considerably. However at the
forefront of current research is the modification of electronic materials like gold (Au)
and SCs like gallium arsenide (GaAs) and titanium dioxide (TiO,) with photo/redox-
active chromophore molecules.” The photosensitisation of wide-bandgap (= 3.0 eV,
corresponding to photons with wavelength <413 nm) SCs such as ZnO, TiO, and SnO,
(Figure 1-1) over the visible and near-IR parts of the electromagnetic spectrum have

already shown application in photonic*®’ and optoelectronic devices.® In particular,
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photosensitisation of TiO, shows promise for the commercialisation of the dye-

sensitised photoelectrochemical cells (PECs, Gritzel cell)’ and solid state n-p junction

10 11-16

solar cells™. Applications in electro/photo-chromic’ "~ and optoelectronic write-read-
erase'’ devices have already been realised. Development of photo/electrocatalysis for
the production of H, from water and the photo-oxidation/degradation of organic

contaminants is progressing.'®*'

Energy (eV, vacuum) E (NHE)
-25 — —-2.0
.35 — -—-1.0

-55 — -—<+1.0

- Rulbipy¥-=-

-6.5 —| —+2.0

-7.6 —| —+3.0

~8.5 we & l—+4.0

Band gap energy

Redax
Couples

E
-

Figure 1-1. Band edge positions of TiO, and other SCs at pH 1 (adapted from Gritzel
et al.).*?

Chromophores coupled to GaAs SC surfaces are showing promise for optoelectronic
field effect transistor (FET) devices®® and chemical sensors**. The modification of Au
surfaces with photo/redox-active chromophore molecules has been of considerable

25,26

interest for the study of light induced charge transfer processes™” and has also shown

potential for use in optoelectronic devices®.

To date a diverse range of chromophores have been used as photosensitisers. Generally,
transition metal complexes derived from polypyridines A, porphine B or phthalocyanine
C (Figure 1-2) have been preferred. These ligands are all nitrogen heterocycles with a
delocalised 1 or aromatic ring system and are capable of complexing with a variety of
metal ions. The complexes exhibit a number of low-lying electronic excited states.
They have long-lived d-d* and d-m* metal-to-ligand charge transfer (MLCT) and

ligand-centred m-t* excited states, which can participate in electron transfer processes.

3
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Through molecular engineering, these metal complexes can be readily anchored to SC

surfaces.

2+
[ S
S L\w RN
| P | > &
7
Ru polypyridine complex Metalloporphyrin Metallophthalocyanine
A B C

Figure 1-2. Common photosensitisers.

These chromophores have characteristics fundamentally required for light-harvesting

dyes, namely:

e The complexes have broad and intense light absorptions in the visible, near-IR
and IR regions. For solar energy conversion, a large spectral absorption range is
necessary, whereas for wavelength specific photonic devices a narrower spectral
range 1s more suitable.

e Functionalisation of the ligands allows tuning of the absorption bands.

e They have long-lived excited states.

e The dyes have been shown to be stable in the oxidised, reduced and excited

states, and resist photochemical and chemical degradation.

The ability to organise molecules on a surface with control over their arrangement,
distribution, mobility, photophysical and redox properties is important. In addition,
many advances into improving the efficiency of surface photosensitisation have been
explored and achieved with high surface area films and the construction of multi-
component molecular antennae array systems. The porphyrin-based chromophores are
of most interest to us as we have well-established synthetic methodologies allowing the

rapid and efficient synthesis of some unique variants.
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1.2  Chromophores on Metal and Semiconductor Surfaces

The binding of a chromophore to a metal or SC surface can take place in various ways:
The binding can consist of covalent anchoring, electrostatic interactions, hydrogen
bonding or physisorption (van der Waals interactions) (Figure 1-3). Chromophores

could also be immobilised on a surface by polymerisation or physical entrapment within

the substrate bulk.

Hydrogen bonding
Covalent

FElecwrostatic

Physisorpion

— Surface

LT ::':' T Substrate

Polymerisation Entrapment

Figure 1-3. Anchoring molecules to surfaces.

The spatial organization of molecules on a surface can be established by a combination
of surface structure, binding interactions and weak-to-strong intermolecular interactions
between molecules bound to the surface. Intermolecular interactions can consist of
hydrophobic, n-rt, hydrogen-bonding and electrostatic interactions or a combination of
these (Figure 1-4). The molecule-to-molecule and molecule-to-surface interactions can
lead to the controlled formation of self-assembled monolayers (SAMs) of discrete and

larger multi-component array assemblies on a surface.
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Hydrophobic T-T Hydrogen-bonding Electrostatic

Figure 1-4. Intermolecular interactions on a surface

All of these factors are critical for the effective photosensitisation of SC and metal
surfaces. The fundamental processes of photosensitisation are briefly discussed in the
following sections. Following this, chromophoric excitation and the subsequent
electronic energy-transfer processes in discrete and multi-component array systems are

reviewed.

1.2.1 Photosensitisation of TiO,

Titanium dioxide (TiO,) is a chemically inert, non-toxic and biocompatible white
pigment that is readily available in high purity. It represents an economical and
ecologically safe SC material for photonic and optoelectronic devices, with specific
applications in photovoltaics and photocatalysis. Of the oxide SCs, TiO,, is by far the
most commonly used.” Its extensive usage in industrial applications (paints, paper,
coatings, plastics, fibres and cosmetics) comes from its high refractive index and easy
preparation into fine particles. Thin films of TiO, have been prepared by many
different physical and chemical techniques such as thermal oxidation, sputtering and
chemical vapour deposition. Such films have found application for anti-reflective

coatings for glass, dielectric materials, sensors and wave-guides."'

Rutile, anatase and brookite are the three common crystalline polymorphs of TiO,, rutile
being the thermodynamically most stable form (= 5.0-12 kJ mol" more stable than
anatase). The rutile to anatase transformation occurs in the temperature range 700-

1000°C depending on the crystalline size and purity. Anatase TiO, is a wide band gap
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n-type SC (Figure 1-1). Because its band gap energy Egg is = 3.2 eV (corresponding to
photons with wavelength < 390 nm), it is nearly transparent to the major part of the
solar spectrum. The process of photosensitisation can improve the photo-response of
wide band gap SC materials, such as TiO,, towards low energy excitations in the visible
and near-IR regions of the solar spectrum. Figure -5 compares the optimum excitation
wavelengths for TiO, and some other common SCs versus the AM1.5 solar irradiation
spectrum. AMI refers to air mass = I, the shortest path length of solar radiation
through the atmosphere, i.e. the sun is directly overhead. Therefore, AM1.5 is 1.5 times
the shortest solar path length, where the sun is at an angle of 42°. The global
normalised AM1.5g spectrum is scaled to integrate to intensity of 1000 W m? for solar

cell testing (often referred to as 1 sun).
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Figure 1-5. Photoresponse of TiO, and other SCs vs. AM1.5g and AMO spectrum.”

Efficient capture of solar energy requires good photoresponse. This can be achieved by
coating the SC with a thin layer of a sensitising dye (chromophore) that absorbs in the
visible and near-IR regions. Photoexcitation of the sensitiser will then be followed by
electron transfer (ET) to the SC conduction band, allowing photochemical and

photocatalytic processes to occur.

Excitation of an electron in the chromophore occurs in the singlet or triplet excited state
of the molecule. If the oxidative energy level of the excited state of the dye molecule is

favourable (i.e. more negative) with respect to the conduction band energy level of the
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SC, then the dye molecule can transfer an electron to the conduction band of the SC

(Figure 1-6).

Ker > Kger

m
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Photosensitiser

Wide band gap SC
Figure 1-6. Photoinduced charge separation on TiO, surface

(ket and k1 represent rate constants for charge injection and back electron transfer, respectively).

The surface acts as a quencher accepting an electron from the excited chromophore
donor. The electron in turn can be transferred to reduce another organic molecule on
the surface (i.e. catalysis), or collected for other useful work (i.e. generating electricity).
Surprisingly, back electron transfer (BET) or charge recombination from the SC to the
dye is slow compared to charge injection, the ratio kp/kger is often greater than 10°.
The reasons for this are yet not fully understood. It is proposed that recombination is
suppressed by band bending that drives the electron into the bulk of TiO, and/or by
slow kinetics from back electron transfer. The back electron transfer rates to the
electrolyte (dark current) can be reduced even further by blocking the exposed TiO,
surface with other non-acceptor molecules such as 4-tert-butylpyridine (kg/kger > 10°),
thereby inhibiting back electron transfer of injected electrons.’ This is especially
important in the photoelectrochemical cell where there are other redox acceptor
molecules in solution, at the solution-SC interface. Recently Zaban et al. reported the
fabrication of a TiO, electrode with an inherent energy barrier at its surface.’> By
coating, the TiO, surface with a thin layer of Nb,Os the conduction band potential at the
surface is raised about 100 mV more negative (Figure 1-7) forming an energy barrier at

the electrode-electrolyte interface. Herein lies the usefulness of sensitised TiO, for
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photoinduced charge transfer applications, where the difference in rates of charge

injection and charge recombination can be exploited.
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Figure 1-7. Schematic of energy barrier modified electrode.”
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Figure 1-8. Chromophores and anchoring systems used on TiO,.

(Ruthenium carboxypolypyridine complex (A)?*?, zinc tetrasulfonatephenylporphyrin and (B)
tetrasulfonatephthalocyanine (C)**, ruthenium acetylacetonate polypyridine complex (D)*’, perylene dye
(E)*, xanthene dye (Eosin Y) (F)*"*, viologen dye (G)*°, Coumarin 343 (H)*!, natural flavonoid
anthocyanin dye extracted from California blackberries dye (I)**.)
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Anchoring of the chromophores to TiO, has been achieved through a number of
functional groups. The most common functional groups have been salicylate,
carboxylic acid, sulfonic acid, phosphonic acid and acetylacetonate derivatives. Figure
1-8 shows some of the wide range of chromophores and the anchoring groups that have
been successfully attached to TiO,. The most widely used and successful to date have
been the carboxylic acid and phosphonic acid functionalities. The carboxylic acid
groups, while ensuring efficient adsorption of the dye on the surface, promote electronic
coupling through coupling of the donor levels of the excited chromophore and the
acceptor levels of the SC. Some of the possible modes of chelation/derivatisation,
ranging from chemical bonding (chelating or bridging mode) to H-bonding are shown in

Figure 1-9.
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Figure 1-9. Possible binding modes for carboxylic acid groups on TiO,.

Conflict exists in the literature about the specific binding mode. Falaras suggest their
IR and Raman spectra support chemical bonding through ester formation B on the
surface.” However, Duffy et al. strongly suggest surface coordination involves syn-syn
bridging between two surface titanium atoms (eg. D).** One drawback of the COOH
anchoring group is that the dye desorbs in the presence of water. This has been rectified
to some extent by the use of a stronger binding group such as phosphonic acid.
However, there is little information about the binding mode of phosphonic acid
derivatives in the literature, although an ester type formation can be proposed (Figure
1-10). The photosensitiser { Ru(POs-terpy)(Me,bpy)(NCS)} shows monochromatic and
overall light-to-electrical conversion efficiency comparable to Ru
dicarboxypolypyridine-based complexes (Figure 1-8, (A)). This phosphonic acid
derivative has been shown to bind strongly to the TiO, surface (about 80 times more
strongly than carboxylated analogues), and is not displaced easily by water. The
adsorbed state is maintained over a wide pH domain (pH = 0-9) and excellent solar cell

performance is obtained.**

10
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Figure 1-10. Possible mode of phosphonic acid ester surface binding on TiO,.***

The type of anchor functionality and linker used between the sensitiser and SC surface
can enhance electronic coupling and/or alter the surface state energetics so that electron
injection is faster and more efficient. However, experiments suggest that the distance of
the chromophoric ligand from the surface is critical to the design of molecular
sensitisers, more so than the type of anchor.”® For example, Ru(Il) polypyridyl
sensitisers on TiO, with an n-propyl spacer between a bipyridine ring and an
acetylacetonate group (Figure 1-11, A), give comparable corrected IPCE (incident
monochromatic photon-to-current conversion efficiency) values to a related sensitiser
with a carboxylic acid group bound to the n-propyl spacer (Figure 1-11, B). However,
neither of these gives as good a result as the sensitiser with a directly bound carboxylic

acid (Figure 1-11, C).
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Figure 1-11. IPCE,,, results for model Ru polypyridyl complexes.*
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The results suggest that there may be an optimum sensitiser orientation (or distance
from surface) and possible linker (i.e. conjugation) dependence, wherein interfacial
charge separation is still efficient but the charge recombination is inhibited enough to

give high IPCE values.”

In order to explore the effect of sensitiser orientation, a bimetallic coordination
compound was prepared, which when coordinated to TiO,, holds a Ru sensitiser close to

the surface (Figure 1-12).

Figure 1-12. Through-space charge transfer (Reproduced from Meyer et al.)."’

Visible light excitation of this sensitiser bound to TiO, leads to efficient photocurrent
production. The Ru(bpy), group absorbs most of the visible light, and since it is not
bound to the SC surface it was concluded that direct attachment* or intimate contact*® is
not required for efficient solar conversion. However close proximity of the sensitiser to
the surface may be more crucial; this does not diminish the importance of the anchoring
group, as it must still hold the chromophore to the surface and/or potentially provide
favourable electronic coupling between the donor levels of the sensitiser and the
acceptor levels of the SC. Further research on the importance of these points is
necessary. These principles as applied to the Gritzel cell will be more fully discussed

in Chapter 5.
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1.2.2 Photosensitisation of GaAs and Au

The modification of other SCs and metals, such as GaAs and Au is also of interest to us.
Naaman et al. found that GaAs field-effect-transistors (FETs) could be modified by the

adsorption of carboxylic acids and disulfides on to an exposed gate surface.*’
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Figure 1-13. Molecularly modified FET device (Adapted from Naaman et al.).*

Figure 1-13 is a schematic of a FET device developed to monitor adsorption kinetics in
real time. Naaman et al. discovered that by attaching light absorbing groups, the
photocurrent decay times of the FET were modified by orders of magnitudes.”> These
effects were molecule specific, as they depend on the electronic properties and on the
absorption spectra of the molecules. Naaman's group have also attached iron
porphyrins through modified ligands as above to produce a novel NO biosensor (Figure

1-14).%
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Figure 1-14. Bidentate binding of iron porphyrin to GaAs (Reproduced from Wu et
al.).”
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The photosensitisation of n-Si and n-GaAs with cationic porphyrin chromophores has
also been studied by Zhang et al.”® The functional groups showing most promise on
GaAs are carboxylic acid and sulfur bearing chromophores. Sulfur functionalised
chromophores are also desirable for the functionalisation of Au surfaces.”’ These could
be applied to the pure metal or coatings on other SC surfaces. A variety of sulfur
groups are known to bind to Au surfaces, these ranging from thiols, disulfides, sulfides,

xanthates, thiocarbamates** to thiophene™* derivatives (Figure 1-15).
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Figure 1-15. Sulfur compounds binding to Au surfaces.
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1.3 Improving Surface Photosensitisation

Much research into dye sensitised molecular photovoltaic devices (solar cells) has been
carried out. Initially, the efficiency of such devices based on dye sensitised wide band
gap SCs and metals was low. This was largely due to the limited light absorption by a
monolayer of the dye adsorbed onto an essentially smooth surface. Therefore, there was

intense effort to improve the efficiency of dye-sensitised systems.

Two approaches have been investigated:

1. Increasing the projected surface area of SC based systems with mesoporous
films.

2. Improving the light harvesting efficiency of a single chromophore by
constructing multi-component "molecular antennae" where energy transfer
processes convey the excitation energy on a number of chromophoric
components to a common final acceptor, where the energy can be transferred to

the surface.

The majority of the work relating to increased surface area has been carried out on wide
band gap SCs like TiO, and ZnO. In contrast, the molecular antennae approach is

applicable to both smooth or porous SCs, and metals surfaces.

1.3.1 Mesoporous Surfaces

Transparent mesoporous nanocrystalline TiO, film electrodes (larger surface area)
provide a way to amplify the light absorption of a molecular monolayer, giving highly
efficient light induced charge transfer devices based on wide band gap SCs. These
surfaces have a roughness factor of over 500 (i.e. projected surface area is 500 times
greater than a smooth surface). When light penetrates these films, it crosses the

equivalent of several hundreds of adsorbed dye monolayers (Figure 1-16).
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Figure 1-16. Structure of TiO, mesoporous nanocrystalline electrode derivatised with
chromophores (adapted from Gritzel).'®

Nanocrystalline TiO, SC surfaces are now easily prepared by depositing nanosized
colloidal TiO, SC particles on a conducting glass support. This film is often then heated

to sinter the nanoparticles, forming a porous high surface area, TiO, membrane.

Figure 1-17. High and low-resolution SEM pictures of P-25 TiO, (reproduced from
Kambe).™

Displayed in Figure 1-17 is a representative low and high-resolution SEM image of a
mesoporous nanocrystalline TiO, electrode surface. Typically, the surface of a 5 um
thick layer is 500 times the projected area. The conductivity of these films under
vacuum is very low, = 10® S cm™ at room temperature. Under exposure to UV light, the
conductivity increases significantly indicating that the poor conductivity in the dark is
due to a small electron concentration in the conduction band rather than low electrical
contact between particles.” As the TiO, SC band-gap energy is = 3.2 eV (<390 nm), it

is nearly transparent to the major part of the solar spectrum. This means that absorption
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of light by a chromophore is not hindered by the optical properties of the SC itself,

when buried deep within the porous nanocrystalline films.

1.3.2 Molecular Antennae Effect

Another approach to harvesting photons more efficiently by chromophores has been to
attach arrays of chromophores, "molecular antennae”, to SCs and metals. By linking a
graded series of chromophores in an array or assembly, using appropriate spacers or
bridging units, the higher energy chromophore transfers excitation energy to the lowest
energy unit, which injects charge into the acceptor surface. The efficiency of the
intramolecular energy and electron transfer processes in antennae assemblies will
depend on the extent of electronic coupling between chromophores, modulated both by
the bridge and the spatial orientation of individual chromophoric units. While any type
of chemical forces in principle could be used to link molecular components, covalent
bonding via an appropriate bridging group seems to be the best choice for a stable
antennae system. The antennae effect can be conceived to increase efficiency of light
harvesting on a SC surface by two models; A branched, or B linear one-dimensional
(Figure 1-18).%’ The obvious requirements for an antenna are, 1) an efficient antennae
effect channelling the absorbed energy towards the surface component, and 2) the
capability of the excited molecular component bound to the SC or metal surface to

inject electrons into the conduction band.
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Figure 1-18. Branched A and linear B approaches to chromophore antenna systems.
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There are significant energy-related problems associated with multi-component
chromophore systems. If a finite energy demand (AE) exists for each parallel transfer
step, a branch design, with extensive use of parallel energy processes (AE,,, = (1/AE, +
1/AE,)"), is clearly energy saving relative to the linear design where all processes are in
series and energy demands are additive (AE,,,, = AE, + AE,). The dimensions of the
antennae system cannot be increased without introducing energy losses. For an array
system considered as an independent photochemical molecular device, one expectation
is that the larger the antennae system, the larger the light harvesting efficiency. This is
not necessarily true for light energy conversion on a SC. A highly branched antenna
species occupies a much larger surface area on the SC than a simple molecular
sensitiser. At saturation coverage, this would strongly reduce the gain represented by
the antennae effect. From this point of view, the one-dimensional design would look
superior to the branched one, as one could think of increasing indefinitely the nuclearity
of the array without substantially increasing the occupied surface area. These
arguments, however, should be treated with caution as the SC surface available for
absorption is far from being an idealised flat surface. In nanocrystalline photoanodes,
an extremely rough surface is present, mostly made up of pores and cavities with
nanometre dimensions. As such dimensions are comparable to those of large molecular
systems, the fitting requirements of such arrays in pores may be the ultimate
determining condition. One current approach in this area has been to synthesise arrays

of ruthenium polypyridyl complexes using dendrimer synthesis.”*
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1.4  Porphyrins as Photosensitisers

Along with polypyridines, metalloporphyrins have great potential as metal and SC
photosensitisers. The ability to tune the photochemical, redox and molecular
recognition properties of synthetic porphyrins offers unprecedented opportunities to

develop new and more efficient chromophores for photonic applications.

1.4.1 The Porphyrin Chromophore
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Figure 1-19. Space filling representations of tetraphenylporphyrin (TPP).

Porphyrin-type compounds are found throughout nature, where they are employed in a
myriad of biological roles in which photophysical and redox processes are occurring.
As a consequence they have attracted the attention of photochemists wanting to exploit
their attractive light absorbing and excited state properties. They are essentially flat and
exhibit a high degree of aromaticity, resulting in high symmetry (up to D) (Figure
1-19). The simplest porphyrin is porphin (Figure 1-20). All other porphyrin analogues

have substituents on the mese and/or $-pyrrolic carbons around the porphyrin ring.
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Figure 1-20. Porphin

The tetrapyrrolic porphyrin macrocycle system can be viewed as two planar delocalised

18 m—electron tautomers (Figure 1-21).%°

Figure 1-21. Tautomerism in free-base porphyrins.

These are the only two significant tautomers as other forms are too high in energy to be
considered. In free-base porphyrins, two protons exist bound to the nitrogens as in
tautomers A and B. The free-base porphyrin can accept two protons to form the 2*

diacid, or donate two protons to form the dianion (Figure 1-22).
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Figure 1-22. Metallation and acid-base chemistry of porphyrins.

The dianion can coordinate almost every metal ion in the Periodic Table, to form
metalloporphyrins. The flatness and aromaticity results in a tendency for these
macrocycles to aggregate through m—= interactions. The aromaticity also confers

considerable chemical and thermal stability.

Porphyrins are highly coloured and have characteristic electronic absorption spectra
with m-t* and n-m* transitions predominating. The m-w* transitions dominate the
spectra due to their high molar absorptivities. The 'Soret' band (380-420 nm) is the

most intense in the porphyrins with molar absorptivities commonly of the order of
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several hundred thousand. This band is regarded as a characteristic of the macrocycle
conjugation and is absent in non-conjugated rings of unoxidised porphyrinogens. In the
visible region, a free—base porphyrin spectrum exhibits a number of smaller satellite
bands (typically four), known as 'Q' bands (generally € < 20,000 L mol' cm™) (Figure
1-23). The absorption spectra of metalloporphyrins containing divalent metal ions have

a Soret band and two visible o and B bands (Figure 1-23).
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Figure 1-23. Typical UV-vis absorption spectra of a free-base porphyrin (TPP) and
Zn(II) metalloporphyrin (ZnTPP) in CH,Cl,. Insert: expanded Q band region.
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Figure 1-24. 'H NMR chemical shifts of TPP and pyrrole protons in CDCl,.

The 'H NMR spectrum of TPP demonstrates the effect of the large anisotropic ring
current that results from the delocalised aromatic ring system (Figure 1-24). This
results in the observed downfield shift in the resonances of the B-pyrrolics and meso-
phenyl protons on the periphery of the ring, relative to those of pyrrole and benzene.

The broad inner NH proton resonances are shifted upfield by 10.43 ppm relative to
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pyrrole.

The unique properties of porphyrins extend to the electrochemistry of the macrocycle

where a well-studied four-step single-electron redox process is typically observed.®

In both free-base and metallated porphyrins, the photophysical and photochemical
properties of the macrocycle are greatly influenced by the various substituents attached
to the perimeter (B-pyrrolic and meso positions) of the porphyrin ring. These
substituents by their electron-donating or electron-withdrawing nature have the ability
to "tune" the delocalised molecular orbitals of the compound or complex, and thus vary
all its chemical and physical properties.”” Synthetic porphyrins for this reason have long

been used to study charge transfer reactions as models for the photosynthesis process.

1.4.2 Porphyrins on TiO,, GaAs and Au surfaces

The efficiency of charge injection by the porphyrin chromophore depends on the
interaction with the surface and neighbouring chromophores (Figure 1-25). This is
influenced by:

e The type, strength and number of anchoring groups,

e The type, length and number of linking groups,

e The spatial relationship of chromophore to the surface,

e Chromophore assembly (discrete molecules or arrays),

e Inter-chromophore spatial requirements.

These five factors are discussed more fully below and specific examples of porphyrins

relating to Ti0,, GaAs and Au surfaces are more fully reviewed in Chapters 5 and 6.

Anchoring Groups: The attachment of a porphyrin to a SC or metal surface can range
from chemisorption, covalent, non-covalent bonding (such as H-bonding or ionic
bonding) or a combination of these. As discussed in Section 1.2, the strength and type
of surface binding, as well as the number of binding sites, can have a major effect on
photosensitisation. Although numerous studies involving the chemisorption of

porphyrins onto surfaces like these have been carried out, the focus of this thesis is on

22



Chapter 1: Introduction

the stronger covalent type attachment. Porphyrins have in general, been most
commonly attached to TiO, via carboxylic and sulfonic acid groups; for an in-depth
review see Chapter 5. Specific examples of porphyrins attached to Au via a variety of
sulfur functional groups are reviewed in Chapter 6. For GaAs, both carboxylic acid and

disulfide groups are known to bind (see Section 1.2.2).

Chromophores:
; A Single or arrays of
My K S porphyrins
e

Attaching Group:
- Surface dependent
- Covalent or ionic binding

Linkers:
- Saturated or conjugated
- Varying length e
- Covalent or metal-coordinate binding e /
to the chromophore e ’

: : — Surface: May have melal coating
“Substrate.. A

Figure 1-25. Summary of porphyrin attaching modes to surfaces.

Linking Groups and Spatial Relationships: It is still unresolved as to whether the
linker type is more important than the proximity and orientation of the chromophore to
the surface. Consideration of the type of linker must also include the number of linkers
employed and if a delocalised electron-conducting pathway is necessary. The linker can
be attached to the porphyrin via covalent bonding through the B-pyrrolic or meso
positions, or by axial coordinate binding to a metal (Figure 1-25). Various
perpendicular or planar porphyrin-to-surface geometries can be envisaged by using the
appropriate linker connections. It is also possible to have the porphyrin as a ligand on a

metal complex bound to the surface, however this is beyond the scope of this thesis.

Very few examples of porphyrins attached via the B-pyrrolic position to any of the
surfaces of interest exist in the literature; most involve a meso-type linkage system.
There are some literature examples of natural metallo-chlorophyll, natural metallo-
mesoporphyrins and natural metallo-uroporphyrins for the photosensitisation of TiO, by

Kalyanasundaram and Gritzel et al. (see Chapter 5).%'*

None of these examples have
conjugated linker systems between the macrocycle and surface. Sulfur functionalised
porphyrins attached through linkers at the B-pyrrolic position are rare; a few modified

natural heme derivatives by Willner et al.** and Kobayashi et al.®® are known (see
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Chapter 6). A few examples of porphyrins and related phthalocyanines attached by

axial metal coordination linkers have been reported (see Figure 1-14 and Figure 1-29

C)‘SI.GG-()S

Chromophore Assembly: Various porphyrin assemblies, from monomers A to
branched B and linear C arrays can be envisaged attached to a surface. Alternatively,
arrays can be constructed where each chromophore has a number of attaching groups D
(known as the "sticky" porphyrin approach). Up until recently, only single porphyrins
had been attached to TiO,, GaAs and Au surfaces (see Chapters 5 and 6). There are
now however, a small number of examples of dimer type porphyrins on these

surfaces.®”?

Nonetheless, it is still unclear whether discrete porphyrin chromophores or
assemblies will give the best photosensitisation efficiencies (Figure 1-26). For multi-
component arrays, the type of bonding between pendant chromophores moieties in the
structure will affect the energy transfer and will need to be considered in developing

antenna arrays.

O = Porphyrin

@ = Binding group

Surface ———@—~———— I

Substrate

A B C D

Figure 1-26. Discrete and antennae approaches to chromophore surface assembly.

Inter-chromophore Spatial Requirements: As is well demonstrated by the efficient
light harvesting of chlorophyll, inter-chromophore spatial requirements are important

(for both discrete and supramolecular assemblies).”*”

Here strategically placed
porphyrin derivatives can result in efficient collection and transfer of solar energy.
Excited state quenching occurs in porphyrins that have aggregated due to strong m-m
interactions.” Organic dyes, and particularly metalloporphyrins and phthalocyanines,
are known to aggregate in solution even at low concentrations (10° M) via m-n

interactions. It has been suggested that solar energy conversion efficiencies obtained
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with metalloporphyrins are generally low, due to poor absorption in the major part of
the visible spectrum. However many porphyrin species have absorptions in this region
that are equally as intense as the other common photosensitisers, metal polypyridyl
complexes (i.e. (Ru(bpy);) €4, = 14,000 M cm™).” Poor efficiencies are more likely to

result from quenching of the excited states because of molecular aggregation (Figure

1-27).

Figure 1-27. Representation of m-i interactions amongst flat aromatic chromophores
on surfaces.

There are a number of potential ways to reduce this aggregation. Additives (co-
adsorbates) that separate neighbouring chromophores and disrupt m-m interactions have
been employed (Figure 1-28, A).”” It has been found that the presence of additives such
as bile acid derivatives significantly improve the light conversion efficiency for
phthalocyanine sensitised TiO, electrodes.®® The concentrations of sensitiser and
additive in the coating solutions have to be optimised to limit aggregation but still
achieve a high sensitiser loading. The addition of the sensitiser and additive in this
manner may result in groupings of chromophores and additives on the surface, thus not

achieving disruption of m-m interactions.

Bulky R Groups

Additives

WA

A B C
Figure 1-28. Methods for eliminating aggregation.

25



Chapter 1: Introduction

The drawback of competitive absorption of sensitiser and additive isolator on TiO,
could be avoided by linking the additive directly to the dye molecule (Figure 1-28, B)
before adsorption. This will have the advantage of fixing the ratio of dye and additive
on the surface. Another method to reduce aggregation would be to use bulky
substituents attached to the chromophores (Figure 1-28, C). While this may increase
the chromophore spacing slightly, it avoids the need to control additive insertion
between chromophores. The uncovered surface could then be filled with a smaller
surface blocker that does not affect sensitiser loading, but reduces unwanted surface-

electrolyte interaction.

B C
Figure 1-29. Axial coordination of porphyrins and phthalocyanine chromophores.
The presence of axial ligands such as pyridine compounds coordinated to Zn, Mg, and
Ru metalloporphyrins and metallophthalocyanines complexes is also expected to inhibit
n-m stacking interactions (Figure 1-29 A and B).”” Recently excellent IPCE results
(IPCE¢,m = 60%) were obtained with a ruthenium phthalocyanine complex to support
this (Figure 1-29, C).®® Attachment was made to the TiO, surface through axially
attached pyridine ligands and the co-use of a bile acid additive. m-m stacking was
prevented by the second coordinated pyridine group. For multi-chromophore arrays,
aggregation may be inhibited by controlling the array geometry via the type of linker

between individual chromophores, or again the use of bulky substituents and/or axial

ligand coordination.




Chapter 1: Introduction

1.5 Synthesis of Porphyrins and Thesis Structure

(Monomers to Arrays)

The aim of this thesis was to set up reliable synthetic procedures to allow the synthesis
of a variety of new carboxylic acid functionalised porphyrins from monomers to arrays.
These were then to be evaluated as photosensitisers in the TiO, Gritzel cell. In
addition, the synthesis of some new disulfide and thienyl sulfur-functionalised

porphyrins for attaching to Au surfaces was to be investigated.

1.5.1 Porphyrin Synthesis

The following is an overview of the strategy used in this thesis for synthesising aryl
carboxylic acids and sulfur functionalised porphyrin chromophores, primarily for the
modification of TiO,, GaAs and Au surfaces. The goals of this research were to
develop dependable synthetic routes to monomeric porphyrin systems and then exploit
them in larger arrays. Classical porphyrin forming condensation reactions together with
the Wittig chemistry of Officer et al. using tetraarylporphyrin phosphonium salts’””,
lends itself well to the development of flexible synthetic strategies. The condensation
reactions used in this thesis, involve the condensation of pyrrole (Figure 1-30) or a
dipyrrylmethane (DPM) (Figure 1-31) with an appropriately functionalised
benzaldehyde, to produce tetra-meso-aryl (TAP) or bis-meso-aryl (BAP) substituted

porphyrins.

Tetraarylporphyrin
TAP

Figure 1-30. Condensation of pyrrole with aldehydes.
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B N H*
N R Ro + | z n el
AN CHO
Ry
Rz Ra, Fi2
DPM

Bisarylporphyrin
BAP

Figure 1-31. 2+2 Condensation of dipyrrylmethanes with aldehydes.

This requires suitable acid catalysts for the condensation, and oxidants for the

conversion of the resulting porphyrinogen intermediates to the corresponding porphyrin.

n-8u n-8u

TBM-BAP

Figure 1-32. TAPs and BAP commonly used in this thesis.

The TAPs commonly generated by pyrrole condensations are the TPP, TXP, and TBP
derivatives (Figure 1-32). The most common BAP used is the tetrabutyltetramethyl
(TBM-BAP) derivative. A full foldout index of abbreviations and structures for TAPs
and the TBM-BAPs synthesised in this thesis is inserted inside the back cover.
Porphyrin compounds are numbered in the style of M-#. Thus, tetraphenylporphyrin 1

containing zinc(Il) is referred to as Zn-1.

The reaction of TAP phosphonium salts (TAPps) with appropriately functionalised

benzaldehydes under basic conditions, results in B-styrylporphyrins (Figure 1-33). The
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all-trans product can be obtained by appropriate isomerization techniques. Metallo
derivatives are easily obtained by metallation of a free-base porphyrin (M = 2H). This

can in practice be carried out at any step along the reaction pathway.

R
Ar Ar

Wittig (Base)

Isomerisation
(i or thermally)

cisitrans
mixtures

Figure 1-33. TAPps Wittig chemistry.

MTAP-=-ArR

The synthesis of a number of different TAPps was required. This was based on the

4 78,79

methodology developed by Officer et al. as depicted in Figure 1-3

A Ar
N o ame
ii) [0 Metallation
Ar—CHO
Af Ar
Vilsmeier formylation
&
Demetallation
A r A Ar Al r
Chlorination Reduction
Cl OH CHO
Af Ar Ar AT Ar Ar

Phosphonium salt
formation

Ix
>
2
0

e
=
X

|

{

P*PhsCl
TPPps TXPps TBPps
4 5 6

Figure 1-34. TAPps synthesis.
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The three commonly used TAPps are the TPP, TXP and TBP derivatives 4, 5 and 6
respectively. The xylyl derivative, TXPps 2 is generally the most used due to its

enhanced solubility in organic solvents.

1.5.2 Thesis Structure

Chapter 2 describes the development of reliable synthetic strategies to porphyrin
benzoic acids. The syntheses of a number of monoporphyrin and diporphyrin (branched
and linear diporphyrin arrays) benzoic acids are presented. The synthesis of a linear
diporphyrin required the use of protected aldehyde chemistry. This opened new
synthetic routes to the controlled synthesis of mixed-metal and mixed-porphyrin arrays

exploited in Chapter 3.

In Chapter 3, controlled syntheses of mixed-metal and mixed-porphyrin arrays from
linear triporphyrins and pentaporphyrins to a large nonaporphyrin are realised. This
methodology was developed and later applied to the synthesis of some unique "sticky"

mixed-triporphyrins in Chapter 4.

Chapter 4 develops a second methodology for the synthesis of acid porphyrin arrays. In
this approach, the acid functionality is built into the porphyrin, which is then used as the
building block, to construct arrays using the established Wittig and condensation
chemistry. This required the evolution of a "sticky" porphyrin phosphonium salt. A
series of diporphyrins, triporphyrins and pentaporphyrins were synthesised based on this

methodology.

Chapter 5 evaluates the porphyrinic acids synthesised in the preceding synthetic

chapters, in the TiO, based photoelectrochemical solar cell (Gritzel cell).

In Chapter 6, the synthesis of sulfur functionalised porphyrins for attachment to Au
surfaces is described. A range of porphyrin disulfides and thiophene derivatives were
synthesised, the later having potential application in polymerisation studies. A new
class of terthiophene-appended porphyrins were synthesised. Using a combination of

Wittig chemistry and classical condensation reactions, -substituted, and bis- and tetra-
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meso-porphyrin variants were synthesised and characterised. Both the bis- and

tetraterthienylporphyrins were isolated as mixtures of atropisomers.
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Synthesis of Benzoic Acid
Porphyrins
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Chapter 2: Synthesis of Benzoic Acid Porphyrins

2.1 Introduction

This thesis is principally focused on the synthesis of porphyrins containing aryl-
carboxylic acid functionality for surface attachment to TiO, or GaAs. In the literature,
there exists an enormous assortment of porphyrin carboxylic acids or ester derivatives.
The most commonly used synthetic porphyrin acid is the tetra-meso-benzoic acid
5,10,15,20-tetra(4-carboxyphenyl)porphyrin (TCP) 8, (Figure 2-1). This is synthesised

by the condensation of pyrrole with 4-formylbenzoic acid 7.*°

HO OgH
CHO |) H*
f\ i) [O]
oG B
H
COLH
; (> &
HOLC CORH
TCP
8

Figure 2-1. The synthesis of 5,10,15,20-tetra(4-carboxyphenyl)porphyrin (TCP) 8.5

While TCP 8 shows some promise as a photosensitiser on SCs, this and many other
porphyrin acid derivatives rely on attachment through a meso-benzoic acid group (see
Chapter 5, Section 5.1.2). The geometry of 8 to the surface cannot be effectively
controlled due to the multiple binding points. Although the synthesis of monoacid
porphyrins with a single binding group has been achieved and evaluated, most synthetic
strategies involve mixed aldehyde condensations with statistical product outcomes.
Attachment of a porphyrin to a SC, through a single B-pyrrolic position is unknown; a
few examples exist with multiple binding groups at the [B-pyrrolic position from some
natural metallo-chlorophyll, natural metallo-mesoporphyrins and natural metallo-
uroporphyrins for the photosensitisation of TiO, (see Chapter 5).°"** None of these
examples have conjugated linkers systems between the macrocycle and surface. Using
our TAPps Wittig methodology we had the ability not only to synthesis some new f3-

pyrrolic substituted monoacid porphyrins TAP-=-PhCO,H (Figure 2-2), but also a way
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to gain some control over surface orientation of the porphyrin in relation to a surface by

using formylbenzoic acids of varying geometry.

HO
=
L.
“"c0.H
A Ar
a) Wittig
b) Isomerisation
P*Pha CI
AT Ar
TAPps

TAP-=-PhCO,H
Figure 2-2. Synthesis of TAP-=-PhCO,H.

Initial synthesis of the vinyl-linked benzoic acid TPP-=-PhCO,H 9 by the Wittig

reaction of meso-tetraphenylporphyrin phosphonium salt (TPPps) 4 and 4-

formylbenzoic acid 7 was carried out in these laboratories by Grant (Figure 2-3).*

H
P*PhaCF
COeH
7
Wittig
Hydrolysis Oxidation
N X a) MnO,
b) NaCIOy/H20,
c) Oxone
d) CrO3
e) Jones reagent
M=2H COR COoH
TPP-=-PhCO,R TPP-=-PhCO,H TPP-=-PhCHO
10 R =Me 9 3
11 R=TIPS Ni-9
12 R = CH,CCl;4 Cu-9

Figure 2-3. Synthesis and attempted syntheses of TPP-=-PhCO,H 9.
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However, there was a notable problem in obtaining pure 9. The direct synthesis of a -
pyrrolic benzoic acid porphyrin from a formylbenzoic acid initially appears trivial, but
there are major solubility and purification problems. This becomes a significant issue in
array formation where multi-step reactions are performed in organic solvents.
Alternative syntheses of TAP-=-PhCO,H by the hydrolysis of ester derivatives (10, 11,

12) or oxidation of aldehyde 13 were not successful.

== LHO
o
Ar, As Y 4
TA TA
Py - Base i AN
Pongcr Base V@WCHO o K’@wmz“
- &

TAP-=-PhCHO TAP-=-PhCOH
TAP

OH CHO
C\Q, Base E/P‘F’hsﬂf TAR, TAP
CHO

P*PhyBr

TAR., = -TAP Base
‘BePhgR L l
AP

0] T

' oH CHO
TA TAP U
; Base
CHO

TAP

Larger e TAR
Arrays e O O ]
&

\1 CHO
TAP TAP
‘(0]
T
2 B
COH

Figure 2-4. Potentially oxidisable aldehyde porphyrins used in ‘building block’ and
dendrimer synthesis.

Certainly, the most efficient way to simplify purification in multi-step reactions is to

form the required acid as the last step of a synthetic route using a single final functional
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Chapter 2: Synthesis of Benzoic Acid Porphyrins

group transformation. As this would provide a general approach to a wide variety of
porphyrin acids, it seemed appropriate to reinvestigate alternative ester hydrolysis
and/or oxidation procedures. The development of oxidation procedures of porphyrin
aldehydes was also of importance due to the ready availability of benzaldehyde
functionalised porphyrins from the ‘building block’ approach and ‘dendrimer’ synthesis
under development in these laboratories (Figure 2-4).””* Porphyrin arrays of varying
sizes could already be made with aldehyde functionalities, and an efficient oxidation

procedure could provide a variety of arrays suitable for binding to surfaces.

In the following section the oxidations of TXP-=-PhCHO M-14 porphyrins are initially

explored, followed by the reinvestigation of ester formation and hydrolysis.
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2.2 Synthesis

2.2.1 Oxidations

Figure 2-5 gives an overview of the initial oxidations that were attempted on styryl TXP
aldehydes M-14. Previously, oxidations using TPP derivatives had been investigated.
We were interested in developing synthesis of soluble arrays utilising the meso-
tetraxylylporphyrin 2 (TXP) derivative. This type of porphyrin has a greater solubility
in dichloromethane (DCM), CHCI,, toluene and THF than the TPP derivative. In
addition, the TXP derivative has greater solubility in polar organic solvents such as

MeOH, acetone and acetonitrile, than the TPP derivative.

a) AgO, M = Ni

b) NaCIO2-DMSO, M = 2H, Ni Xy Xyl
c) NaBOg3, M = Ni

d) Peroxyacetic acid, M = Ni

Fa¥
Xyl Xyl
Xy Xyl Q
- CO-H
MTXP-=-PhCO,H
Xy Xyl 15
/
& o Lo
M =2H, Ni CHO e) KMnO4, M = Ni
TXP-=-PhCHO
14 Xy Xyl
Ni-14 CHO
NiTXP-CHO

Ni-16 (88%)

a) AgO (> 4 eq), THF:HX0 (9:1), RT (21 h). b) NaClO>-DMSO (> 6 eq), NaH,PO4/H,O/toluene, RT
(12 h). ¢) NaBO3 -4H,0 (5 eq), acetic acid, 100°C (3.5 h). d) Peroxyacetic acid (5 eq), acetic acid,
50°C (10 min). e) KMnOj4 (4.5 eq), acetone, RT

Figure 2-5. Oxidations attempted on TXP-=-PhCHO 14.

Oxidations that could be performed in these organic solvents were pursued. Aqueous

oxidising reagents were considered only if phase transfer catalysis (PTC) conditions
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could be employed or where the free-base porphyrin could be solubilised by protonation

of the porphyrin core.

\Q/ a) b)

H
Br CHO
17 18 19
(=63% from 17)
c) (/ \§
12-19% N
H
Xy Xt Xy Xyl Xy Xyk
e) d)
91-95% 100%
Xy Xyl Xyl Xyl Xy Xyl
CHO
16 Cu-2 2
f)
81-100%
Xy Xyl Xyl Xyl Xyl Xyl
g) h)
93-100% 80-90%
Xy Xyl Xy Xyl Xyl Xyl
OH Cl P+Prg Gl
20 21 TXPps

5

a) NBS, CHuCly, hv, reflux (1 h). b) i) HMTA, EtOH/HX0, reflux (4 h). ii) Conc. HCI, reflux (1 h). c)
Propanoic acid, reflux (1 h). d) Cu(OAc),-H,0 (1.2 eq), CHCls/MeOH, reflux (2 h). e) i) POCly/DMF,
1,2-DCE, reflux (2 h). ii) Conc. H,SO4. f) NaBH4, THF/H,O, RT (15 min). g) SOCl,/pyridine, CHCl,,
0°Cto RT (1 h). h)PPhs (20 eq), CHClg, reflux (19 h).

Figure 2-6. The synthesis of TXPps S.

The required free-base 14 and Ni(II) Ni-14 derivatives were first prepared in good
yields (89% and 82% respectively, Figure 2-7) after the synthesis of TXPps 5§ according
to established procedures of Belcher et al. (Figure 2-6).*> The lengthy 8-step synthesis
of TXPps § was required and repeated a number of times during the course of this thesis

according to established procedure of Reid.”” During the course of this thesis the
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synthesis of TXPps 5 was successfully scaled up from the usual 2-3 gto 10-11 g batch

sizes.

TXPpS Xy Xyl
5
a), b)
+
78-89%
- X Xyl
OHCO—CHO y yl
22 {
(excess) O
M = 2H, Ni CHO
TXP-=-PhCHO
— 14
c)
B2%— Ni-14

a) DBU (>1.0 eq), CHClg, reflux (10 min). b) i) k (3.0 eq), CHxCly, RT (3 h). ii) Sat. aq. NazS,04
(excess). c) Ni(OAc)o'4H,0 (14 eq), reflux (18 h).

Figure 2-7. The synthesis of TXP-=-PhCHO M-14.

The various oxidations a), b), ¢) and d) that were attempted on TXP-=-PhCHO M-14
(Figure 2-5), were carried out according to literature procedures. All methods were
tested by oxidising p-nitrobenzaldehyde to p-nitrobenzoic acid, ensuring satisfactory
reproducibility of the literature conditions. Monitoring of the reactions was performed
by TLC, looking for changes in R; and/or colour. In reactions a)-c), the starting material
persisted with no observed reaction. The use of freshly prepared argentic oxide® (AgO)
under the conditions in reaction a) gave no reaction.”® These conditions, although
unsuccessful for oxidation of the aldehyde, were later found by accident to be
exceptional method for the insertion of Ag(Il) into free-base porphyrins (see Chapter 3).
In b) the use of sodium chlorite, with DMSO as a HOCI scavenger according to the
procedure of Dalcanale et al., also gave no reaction.*® Procedure c) of Banerjee et al.,
with sodium perborate showed no reaction.*” Clezy et al. had used peroxyacetic acid for
the oxidation of B-formylporphyrins to acids.™ However, use of peroxyacetic acid® d)
resulted in the formation of multiple products; none of these proved to be the desired

acid. These conditions were assumed to be too harsh, and were not pursued any further.
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Potassium permanganate is frequently used to prepare aromatic carboxylic acids from
aldehydes. In organic solvents, it has been shown to be advantageous to use the
quaternary ammonium salt form, and for biphasic systems, a PTC is necessary. lihama
et al. demonstrated that a good yield of an aromatic carboxylic acid could be obtained
by using potassium permanganate in acetone/water solution.”” With this knowledge a
range of organic solvent systems were tested using potassium permanganate (1.5
equivalents) on p-nitrobenzaldehyde (Table 2-1). In all cases, only one new spot of

lower R; corresponding to the acid was observed by TLC, indicating efficient oxidation.

Table 2-1. Solvent systems for oxidations with KMnO,.

Solvent System - Ratio
Acetone 1
Acetone:H,O 3:4
Acetone:H,O:THF 2:1:2
Acetone:CH,Cl, 2:1
Acetone: THF 2:1

Using potassium permanganate on NiTXP-=-PhCHO Ni-14 in pure acetone, the
appearance of a single new band of higher R, than the starting material was observed.
Driving the reaction to completion by adding an excess of potassium permanganate
gave NiTXP-CHO Ni-16 as the product in 88% yield (Figure 2-5). At no time during
the reaction was any other porphyrinic product of lower R; than the starting material
observed. Under these conditions, it appears that oxidation at the alkene proceeds
instead of aldehyde oxidation. No further oxidation of NiTXP-CHO Ni-16 was
observed, even with a large excess of oxidant present. This is consistent with that

observed for other 3-pyrrolic substituted TAPs by Crossley.”

Oxidations of aldehydes to carboxylic acids with permanganate can be carried out under
acidic, neutral or basic conditions. Neutral or acidic permanganate solutions are
commonly used for double bond cleavage.” The oxidations of benzaldehydes with
permanganate in organic solvents has been shown to be very efficient and facile
irrespective of para electron withdrawing (-NO,) or electron donating groups (-Cl,
-OMe).”? 1t is therefore surprising that oxidation of the aldehyde is not observed.
Generally, these oxidations require less than stoichiometric ratios of oxidant to

aldehyde, however oxidation of stilbenes (alkenes) although efficient, do necessitate
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higher stoichiometric ratios. A similar oxidation mechanism to that proposed by Sam et
al. can be applied Ni-14 (Figure 2-8).”” It is speculated that the appended porphyrin and
vinyl linkage must be exhibiting a significant deactivating (electron donating) influence
all the way through to the aldehyde of the phenyl ring, making the oxidation of the

ethenyl bond more favourable.

Xy Kyl Xy Xl
MOy MnGy - MrO2
Xyl Xyl Xy Xyl
CHO
{ )
O o NiTXP-CHO
Ni-16
CHO 1 I
NiTXP-=-PhCHO MAO.
Ni-14 4
‘; -~ "‘I”'.
COzH

Figure 2-8. Postulated oxidation mechanism of NiTXP-=-PhCHO Ni-14.

Given the difficulty of directly oxidising these porphyrin aldehydes to acids, an
alternative oxidative method for converting aromatic aldehydes into esters was

investigated (Figure 2-9).

Xyl Xyl
a) NaCN (20 eq), MnO2 (75 eq)
THF:MeOH (1:5), reflux (18 h)
Xyl Xyl 74%
CHO COsMe
NiTXP-=-PhCHO NiTXP-=-PhCO,Me
Ni-14 Ni-23

Figure 2-9. Oxidation of NiTXP-=-PhCHO Ni-14 to methyl ester Ni-23.

The procedure of Lai et al.” employs mild conditions and is a modification on the

original of Corey et al.* The Lai procedure was further modified in this thesis by the
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use of a THF:MeOH solvent mixture to ensure the solubility of the Ni-14 porphyrin
aldehyde starting material (Figure 2-9). After the addition of NaCN (5 eq) and active
MnO, * (15 eq) with stirring at room temperature, a reaction was seen to be proceeding
slowly by TLC. By heating the reaction to reflux temperature with more NaCN and
MnO,, the reaction proceeded to near completion. The product NiTXP-=-PhCO,Me Ni-
23 was isolated by column chromatography from the remaining starting material in 74%
yield. The ester Ni-23 was characterised by 'H NMR, FAB HRMS and UV-vis. The
spectra were similar to that of the analogous free-base TPP derivative 10 synthesised by
Grant.* This reaction is assumed to proceed through a cyanohydrin, which is oxidised
to an a-keto nitrile (Figure 2-10).% The o-keto nitrile is in turn converted into an ester

by manganese dioxide in MeOH.

Ni\*% Nini NiTﬁ NiTﬁ
N NaCN MnO,

p . ' R MeOH
lH//‘ MeOH I P
CHO
¢ '\PH NC™ ~O M O

Ni-14 cyanohydrin a-keto nitrile Ni-23

Figure 2-10. Oxidation of cyanohydrin to methyl ester Ni-23.

As the synthesis of porphyrin benzoate esters offers a viable synthetic route to
porphyrin acids where multi-step reactions are required, the development of reliable
hydrolysis procedures as the last step to the acid should allow easy handling of

porphyrin benzoate intermediates along the reaction pathway.

2.2.2 Porphyrin Benzoic Acids via Esters

Ester Hydrolysis

With the ability to directly synthesise porphyrin benzoate esters from appropriate

methyl formylbenzoates® or the conversion of porphyrin-appended benzaldehydes to

43



Chapter 2: Synthesis of Benzoic Acid Porphyrins

methyl esters (Figure 2-11), the development of reliable ester hydrolysis procedures was

undertaken.

A Ar HG

i

=%
Ar

Hydrolysis
e
TAP-=-PhCOsMe TAP-=-PhCOH

TAP-=-PhCHO

Figure 2-11. Routes to porphyrin-appended methyl benzoates.

Initial hydrolysis attempts by Grant on TPP-=-PhCO,Me 10 using KOH (2 M) were
unsuccessful.® The conditions used resulted in nucleophilic attack at the ethenyl double

bond, giving unwanted TPP-Me 24 and TPP-CHO 2S5 products (Figure 2-12).

TPP-Me TPP-CHO
24 25

Figure 2-12. Hydrolysis reaction side products of 10 (TPP-Me & TPP-CHO).

A recent hydrolysis of (me s o-tetrakis(3-carboxymethoxyphenyl)porphyrinato)-
manganese(III) acetate using KOH (15 eq per CO,Me) in refluxing MeOH:water (10:1),
followed by acidification with HCI was attempted on para-NiTPP-=-PhCO,Me Ni-10
(see Figure 2-15).”° Initially monitoring of the reaction by TLC revealed no reaction;
this was undoubtedly due to the insolubility of the porphyrin in the solvent mixture. It

was found that with the addition of THF to solubilise the porphyrin, hydrolysis of the
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methyl ester was accomplished. After hydrolysis, the reaction was cooled to room
temperature and diluted with water. In general, the addition of an organic layer (DCM
or CHCl,) followed by acidification resulted in an observed movement of porphyrin
colour from the aqueous layer to the organic layer. The reactions were monitored by
TLC, and the most identifiable feature of ester hydrolysis is the increased product
polarity and the absence of the methyl ester (PhCO,CH,, = 3.9 ppm) proton resonance
in the "H NMR spectra. Further modification of this procedure by replacing HCl with
H,PO, allowed the hydrolysis and acid workup of metalloporphyrin carboxylic acids

containing a labile metal, such as zinc.

Al A
i) KOH (15-30 eq per CO,Me)
i) H3PO4 (= 7% excess, 2 M)
MeOH:H,O:THF (10:1:10), reflux (4-23 h) .
Ar Ar M =2H, Zn, Cu, Ni etc.
/AN
=/ "COMe
TAP-=-PhCO,Me TAP-=-PhCO,H

Figure 2-13. General hydrolysis conditions for porphyrin methyl esters.

Using this general hydrolysis procedure (Figure 2-13), a diverse range of -styryl linked

porphyrin benzoic acids (TAP-=-Ph,,, ,CO,H) were synthesised from their methyl

o,m,p

porphyrin benzoates.

Monoporphyrin Acids

The ability to produce a variety of monoporphyrin benzoic acids provides the
opportunity to study the effect on surface modification by systematically varying the
nature and geometry of the porphyrin acid. Thus, regio-isomeric acids could be made
with different meso-aryl substituents and metals. Different surface orientations and
steric interactions can be envisaged by changing the nature of the conjugation through

the linker (Figure 2-14).
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Ar

Ar

Ar

o
—o

Surface

Substrate

Figure 2-14. Surface orientations with TAP-=-Ph,,, \CO,H derivatives.

The synthesis of TAP-=-Ph, , ,
was achieved using methyl 2-, 3- and 4-formylbenzoates (26, 27, 28) and TPP, TXP and
TBP phosphonium salts (4, Ni-4, 5, 6, Figure 2-15). Hydrolysis of the esters afforded

CO,Me derivatives using established Wittig chemistry

the corresponding TAP-=-Ph,, .CO,H carboxylic acids displayed in Figure 2-15. In
practice, quantitative metallation (step c¢), Figure 2-15) can be carried out at any step
during the synthesis to give the required metalloporphyrin derivative. Generally the
metalloporphyrin ester derivatives TAP-=-PhCO,Me were prepared via metallation of
their parent free-base ester; CuTXP-=-PhCO,H Cu-15 being the only exception being
synthesised from its free-base acid 15 form. The ester derivatives are reasonably
soluble in halogenated solvents, except for the ZnTPP derivative Zn-10, which has
limited solubility in DCM. Hydrolysis of the ortho-ester derivative Zn-29 required
additional KOH and a longer reflux time, as starting material persisted after 19 h by
TLC. The ortho-ester position may perhaps be slowing hydrolysis due to steric
hindrance. Solubility of the acids was limited in most organic solvents. ZnTBP acid
Zn-34 was not appreciably soluble in either DMSO or CHCl,. It was expected it to be
more soluble in CHC], than the TPP and TXP monoacids, but this proved not to be the
case. The characterisation of all products was by '"H NMR, FAB HRMS and UV-vis;
this is discussed in Section 2.3.2 (pg 68).
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Al Ar
e ) o
P*PhsCI0
Ar Ar _§ TXP
TAPps
4,Ni-4,5,6
4 TBP
: -&
=="COMe b) |som%risation
o,mp c) Metailation
(1.5-3.0 eq)
26,27, 28
d) Hydrolysis
¢) Metallation
-—%COQME!
TAR-=-Ph, ,, LO-Me TAP-=-Phy m ,COH
TPP para-ester: TPP para-acid:
10 (64%), Zn-10 (63%), Ni-10 (51%) Zn-9 (96%), Ni-9 (92%)
TXP ortho-ester: TXP ortho-acid:
29 (80%), Zn-29 (66%) Zn-32 (95%)
TXP meta-ester: TXP meta-acid:
30 (74%), Zn-30 (55%) Zn-33 (99%)
TXP para-ester: TXP para-acid:
23 (73%), Zn-23 (71%) Zn-15 (96%), 15 (96%), Cu-15 (90%)
TBP para-ester: TBP para-acid:
30 (53%), Zn-31 (52%) Zn-34 (94%)

a) DBU (> 3.0 eq). b)i) > (2.5 eq), RT (3 h). ii)NayS,03 (excess). ¢) M(OAc),"XHO (1-14 eq), CHCl3/MeOH,
RT/reflux.d) i) KOH (15-30 eq per CO2Me). ii) H3PO, (= 7% excess, 2 mol L), MeOH:H,O:THF (10:1:10), reflux
(4-23 h).

Figure 2-15. Synthesis of TAP-=-Ph,,, ,CO,H derivatives.
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ZnTXP-=-PhCO, Salts

As the effect on surface binding to TiO, with different salts of ZnTXP-=-PhCO,H Zn-
15 was of interest, the sodium and tetra-n-butylammonium salts ZnTXP-=-PhCO, Na*
Zn-35 and ZnTXP-=-PhCO, (n-Bu),N* Zn-36 were prepared using an excess of sodium

hydroxide and tetra-n-butylammonium hydroxide, respectively (Figure 2-16).

a) R*= Na
b) R*= (n‘Bu)4N

Ry Xyl Xy Xyl
COH CO» R*
ZnTXP-=-PhCO,H R= Na*
Zn-15 Zn-35 (94%)
(n~Bu)4N+

Zn-36 (95%)
a) NaOH (4 eq), MeOH, RT. b) (n-Bu)4N*OH q (4 €q), MeOH, RT.

Figure 2-16. Preparation of ZnTXP-=-PhCO, R* salts Zn-35 and Zn-36.

Formation of salts was inferred by the disappearance of the starting material and the
appearance of a new more-polar spot by TLC. The resulting salts had higher solubility
in a polar solvent such as MeOH. Excess sodium hydroxide was eliminated from Zn-35
by removing the solvent from the reaction mixture followed by redissolving the
resulting solid in benzene and filtering. Excess tetra-n-butylammonium hydroxide was
washed out with water after the product Zn-36 was suspended in DCM. The spectral
characterisation of these salts was similar to that of their parent acids. The FAB MS of
the sodium salt Zn-35 showed only the parent protonated molecular ion minus the
sodium [M — Na + H]". As for the tetrabutylammonium salt Zn-36 both anion and

cation were observed, [M — (n-Bu),N + H]" and (n-Bu),N".

ZnTXP-=-Ph (CO,H),

In order to obtain further insight into the binding of porphyrin acids to SC surfaces the
3,5-dicarboxylphenyl ZnTXP-=-Ph,(CO,H), Zn-37 derivative was synthesised. This

48



Chapter 2: Synthesis of Benzoic Acid Porphyrins

isophthalic acid derivative offers the possibility of dual or single binding modes (Figure

2-17).

Xy
Xyl
Xy
xyt
H
Surface O O o ?
Substrate

Figure 2-17. Surface orientations of ZnTXP-=-Ph,(CO,H), Zn-37.

The appropriate aldehyde 40 (Figure 2-18) was first required. Dimethyl 5-formyl-1,3-
benzenedicarboxylate 40 has been made before using two different approaches. Both
methods utilise dimethyl 5-methylisophthalate 38 as the starting material. This is not
commercially available and was made via the oxidation of mesitylene.”” The first
method by Bonar-Law involves the Fieser chromic anhydride oxidation of 38 (no yield
was reported).”® The second method involves Sommelet oxidation of the bromomethyl

derivative 39 (no yield is reported for bromination).”

NIv/SEN

MeOy coMe e MeO COMe
89% 42%

CHO
39 40

Figure 2-18. Known syntheses of diester 40.”*
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Since completing this work, another plausible method has appeared in the literature by
Fudickar et al., synthesising the diethyl diester 43 analogue (Figure 2-19)."* A 54%
overall yield was obtained based on the monoreduction of the triester 41 to alcohol 42,

followed by oxidation to the formyl-diester 43.

EtO5 CO,Et LiAlH, EtOC._~ ' CO,Et CAN EtO2 CO,Et
THF N acetic acid

COyEt (60%) CH,OH (90%) CHO
41 42 43

Figure 2-19. Synthesis of diethyl diester 43 by Fudickar et al."™

A different synthetic route to aldehyde 40 was proposed and undertaken (Figure 2-20).
This proposed synthesis required the monohydrolysis of the trimethyl trimesate 44 to
the acid 45, followed by acylation to give acid chloride 46, and then reduction to give

aldehyde 40.

Mono-  MeO,C. O,Me MeO O,Me MeO. 0,Me
Meoet\@/cozh‘m hydrolysis z \©/C 2 Acylation 2‘\\(;]/2 2™ Reduction ZCQ/C 2
CHO

CO,Me COLH cocl

44 45 46 40

Figure 2-20. Proposed alternative synthetic route to the dimethyl formyl-diester 40.

Firstly, the synthesis of the diester acid 45 was achieved by the hydrolysis of triester 44.
This produced mixtures of starting material 44, monohydrolysis product 45,
dihydrolysis product 47 and trihydrolysis product 48 (Figure 2-21). The optimisation of
the hydrolysis conditions was investigated and pure 45 was eventually obtained in 87%

yield after column chromatography of the product mixture (entry 4, Table 2-2).
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MeOy O:Me

COzMe

44

i) KOH {x eq)
ii) HsPO,

MeOH, reflux, N»

MBOQRQ/COQMG M802C©/C02M8 HOQQQCOEH HOZUCOQH
+ + +
COLH

COzMe COMe COH
44 45 47 48

Figure 2-21. Synthesis of acid esters 45 and 47.

Table 2-2. Hydrolysis of ester 44 with methanolic KOH.

# KOH {eq) Reflux time (h) | 44:45:47:48°
1 1.0 16 33:67:0:0
2 1.5 2 29:71:0:0
3 1.5 14 9:91:0:0
4 15 16.5 4:94:2:0

5 1.5 23 3:92:4:0

6 2.1 48 0:50:50:0
7 2.5 17 0:91:9:0

8 2.5 48 0:15:78:7
9 29 22 (5:84:10
" Product ratios were determined by '"H NMR Spectroscopy.

An alternative synthesis of 45 is that reported by Kasina et al.'” They obtained a
partially purified yield of 90% by monodemethylation of the trimethyl trimesate 44

using an excess of 1,1-dimethylhydrazine (Figure 2-22).

51



Chapter 2: Synthesis of Benzoic Acid Porphyrins

NH
MeOy COMe /:5_ eqf MeOs COMe e MeOsz COsMe
RT or refiux \
CO:Me COy ——)\ILNHZ COLH
44 49 45

(= 90%)

l 101

Figure 2-22. Synthesis of 45 by Kasina et a

Acid 45 was converted in 96% yield to acid chloride 46 using excess oxalyl chloride
with catalytic DMF using a similar procedure to that of Melvin et al.'” The procedure
differed slightly from that of Melvin et al. with the use of a larger excess of oxalyl
chloride and a higher reaction temperature. These changes resulted in a reduced

reaction time and higher yields (Figure 2-23).

Oxalyl chloride (2.7 eq), DMFg4¢

MeOz COMe Benzene, = 60°C, 45 min, Ar MeOs COMe
96%
COH Oxalyl chioride (1.3 eq), DMFegt cocl
Benzene, RT, 12 h
45 91% 46
Melvin et al.

Figure 2-23. Synthesis of acid chloride 46.'"

Rosenmund reduction of acid chloride 46 gave the desired aldehyde 40 in a 90%
isolated yield (Figure 2-24). The reaction was judged complete by the titration of the
liberated HCI.

MeOy OzMe 5% Pd/BaSOy, (cat) MeO COMe

H
" 2(g) p-Xylene, reflux * HCI(Q)
90%
COCI CHO

46 40

Figure 2-24. Rosenmund reduction of 46 to aldehyde 40.

This sequence of three reactions leading to the synthesis of 40, proceeds in an excellent
overall yield of 75%. This compares very favourably with the 2-step 54% yielding
procedure of Fudickar (Figure 2-19).'*® The synthesis of ZnTXP-=-Ph,(CO,H), Zn-37
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was achieved using the standard Wittig procedure as outlined in (Figure 2-15). The
Wittig reaction of TXPps 5 with aldehyde 40 resulted in a cis/trans (1:9) mixture of
diester 50 (Figure 2-25). Isomerisation with iodine afforded trans diester 50 in 82%
overall yield. Metallation with zinc acetate gave metalloporphyrin diester Zn-50 (80%).
Hydrolysis of diester Zn-50 gave the desired diacid Zn-37. The characterisation of
diester Zn-50 and diacid Zn-37 is consistent with the analogous monoester and

monoacid compounds, and is briefly commented on in Section 2.3.2.

Ay Xyl
P*PhyCl M=2H, Zn
Ky Kyk Xy Xyl Ky Xy
5 a) Wittig ‘
b) Isomerisation d) Hydrolysis
+ .
Xy Xyt M=2n Xy Xy)
OH
4
COoMe
O COMe O COM
MeO,C
40 Me0C HOLC
TXP-=-Ph,(CO,Me), ZnTXP-=-Ph(CO-H),
[ : 50 (82%) Zn-37 (85%)
c) Metallation

Zn-50 (80%)

a) DBU (3.0 eq), CHCl, refiux (15 min), Na. b) i) Iz (3.0 q), CHaClp, RT (3 h). ii) NagSaOs (excess). ¢) Zn(OAc)p2HeO (1.2
?f”’ CHCly/MeOH, RT (30 min). d) i) KOH (10 eq per COoMe). ii) H3PO, (21 eq, 2 M), MeOH:HO: THF (10:1:10), refiux (17 h),
2.

Figure 2-25. Synthesis of ZnTXP-=-Ph,(CO,H), Zn-37.

Diporphyrin Acids

The synthesis of geometrically diverse porphyrin arrays was one of the objectives of
this thesis. Two types of diporphyrin benzoic acid arrays attached through a common
single benzoic acid group were targeted (Figure 2-26). The first is a branched “dipole”

diporphyrin array, and the second is a linear “collinear” diporphyrin array.
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Ar

b
=
>

COzH CO.H
"Dipole" diporphyrin "Collinear" diporphyrin

Figure 2-26. Branched and linear diporphyrin arrays.

“Dipole” diporphyrin
The proposed synthesis of the ZnTXP “dipole” diporphyrin acid Zn,-53 is given in
Figure 2-27, based on the Wittig reaction of TXPps S with dialdehyde ester 51.

TXPps (2 eq) X o
X Xyl ¥ ¥
5 a) Wittig 4 Y
b) Isomerisation
c) Metallation
+
OH CHO Xy Xyl O Xy vl
COsMe
CO2Me an -52
51
d) Hydrolysis
Xy Xyl ! Xy Xyl
Xyl Xyl /QA Xy Xyl
COzH
Zn,-53

Figure 2-27. Proposed synthesis of “Dipole” diporphyrin Zn,-53.
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The synthesis of dialdehyde ester S1 has been reported in the literature as a by-product

of the oxidation of the bis(bromomethyl) ester 54 using bis(tetrabutylammonium)

103

dichromate by Keana et al. (Figure 2-28).

B Y Y e (BugN)2Cr207 OH N e OH CHO
= CHClj, reflux (1 h) = ¥
COzMe COZMe COgMe
54 55 51
(31%) (14%)

Figure 2-28. Synthesis of dialdehyde 51 by Keana et al.'”

As this method (Keana) required the synthesis of bis(bromomethyl) ester 54 first, a
different approach was taken using the same methodology d