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Abstract:  

A series of axially-coordinated aluminum(III) porphyrins were synthesized and 

evaluated as potential photosensitizers of a ruthenium-based water oxidation catalyst.  

The porphyrins themselves are 5,10,15,20-tetraphenylporphyrins, and differ in the degree 

of fluorination on the peripheral phenyl groups.  These aluminum(III) porphyrins readily 

assemble into catalytic dyads through formation of a covalent ester linkage between the 

central aluminum atom of the porphyrin and a terminal carboxyl group on the ruthenium 

catalyst.  The aluminum center is also able to act as a Lewis acid, forming the final triad 

by way of a coordinate bond with a suitable Lewis base. 

Catalytic dyads were successfully synthesized from all three porphyrins in the 

series; a set of control compounds were also prepared.  The dyads and reference 

molecules were then characterized, with molecular structure and successful formation of 

the dyads being confirmed with proton NMR spectroscopy, optical properties assessed 

with respect to UV-Vis absorption and fluorescence spectroscopy, and redox potentials 

being assessed by both cyclic and differential pulse voltammetry.  Formation of the final 

triad was achieved by titration of the catalytic dyads with a C60 fullerene functionalized to 

act as a Lewis base; absorption and fluorescence spectra were monitored during titration, 

allowing for confirmation of the triad formation, as well as calculation of binding 

constants.  The characterization data were used to construct energy level diagrams, laying 

the groundwork for a theoretical abstraction of these molecule’s functioning.  the 

catalytic systems as synthesized, as well as how they might function in a prototypical 

photochemical cell. 
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Analysis of the results reveal these materials to be promising candidates as 

photoactivated water oxidation catalysts.  The absorption and electrochemical data 

demonstrate that, when the catalytic dyads are formed, the electronic structure of the 

constituent parts is preserved.  The fluorescence spectra of the dyads show significant 

quenching relative to the reference porphyrins.  Control studies allowed for the exclusion 

of intermolecular processes as being the source of this quenching, and therefore the 

optically excited porphyrin must be able to interact with the attached ruthenium catalyst, 

either through energy or electron transfer.  Based on the negligible overlap of the spectra 

of the catalyst with that of the porphyrins, energy transfer is unlikely.  The most likely 

source of the fluorescence quenching is therefore electron transfer across the ester-bond. 

The formation and persistence of such a radical ion pair is a fundamental prerequisite for 

the material to function as a water oxidation catalyst, as it is on this charge-separated 

species that water oxidation proceeds.  Coordination of the dyads with a fullerene ligand 

was similarly demonstrated, with the resulting triad exhibiting complete fluorescence 

quenching.  The fullerene ligand itself was chosen specifically for its suitability as an 

electron acceptor, and once again the most likely cause of this quenching is intramolecular 

electron transfer. 
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CHAPTER 1:  INTRODUCTION 

1.1 THE NEED FOR GREEN ENERGY SOLUTIONS 

 The need for green energy solutions has become self-evident; heavy reliance on 

the combustion of fossil fuels as an energy source have contributed to global warming 

and pollution, primarily through the production of carbon dioxide.1,2   Solar energy is an 

attractive solution for several reasons: energy from the sun is abundant, free, and 

available anywhere on the planet.  The total amount of energy from the sun that strikes 

the earth is approximately 101 terawatts, more than 6 times the total amount of power the 

world’s civilizations consume.  However, practical concerns limit the amount of this light 

that can be reasonably harnessed.  The sun does not shine all day; additionally, the actual 

light hitting the ground (and therefore a prospective solar device) is affected by weather, 

shade, and varies in intensity across the globe.  Moreover, sunlight is diffuse and 

intermittent, and the use of solar energy for our needs requires energy storage in dense, 

transportable media via chemical energy. Such factors intensify the need for the 

concurrent development of green energy storage solutions.3   

1.2 H2 AS A CLEAN-BURNING FUEL 

 In terms of the production of greenhouse gases, diatomic hydrogen is an ideal 

alternative to fossil fuels, for the following reason: all hydrocarbons produce carbon 

dioxide and water as the products of combustion (Equation 1), whereas the burning of H2 

produces only water as a byproduct (Equation 2).    
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𝑪𝑯𝟒 + 𝟐𝑶𝟐 → 𝑪𝑶𝟐 + 𝟐𝑯𝟐𝑶    (1) 

𝑯𝟐 +
𝟏

𝟐
𝑶𝟐 → 𝑯𝟐𝑶     (2) 

The use of hydrogen as a fuel is not a new concept, and discussions of a 

prospective “hydrogen economy” date back to at least the 1970’s.4,5,6  The consumption 

end of this economy is well-developed; NASA has successfully used hydrogen as a 

combustible rocket fuel since the Centaur rocket-powered missions in the 1970’s.7  At the 

consumer level, several hydrogen fuel based cars are currently available.8,9 

Currently, the majority of domestic hydrogen gas production comes from natural 

gas reforming.10  Through a series of two processes (represented by Equation 3 and 

Equation 4 below), natural gas reforming turns methane and water into hydrogen gas.  

However, as can be seen, the process still produces carbon dioxide as a byproduct.  

Partial oxidation of methane:  𝑪𝑯𝟒 +
𝟏

𝟐
𝑶𝟐 → 𝑪𝑶 + 𝟐𝑯𝟐  (3) 

Water-gas shift:     𝑪𝑶 + 𝑯𝟐𝑶 → 𝑪𝑶𝟐 + 𝑯𝟐  (4) 

The production of hydrogen gas from water eliminates carbon dioxide from the 

production step of hydrogen gas production. Electrolysis of water is a straightforward 

process first achieved in the 18th century (depicted in Figure 1).11  However, this process 

is driven by the application of a voltage source, and therefore, the process as a whole is 

only as clean as the process that produces those voltage sources.   
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Figure 1.  General overview of the Electrolysis of water. 

1.3 PHOTOCHEMICAL CELLS 

In contrast to photovoltaic cells, photochemical cells use solar energy to do 

chemical work directly, i.e. to drive otherwise unfavorable reactions.  This removes the 

intermediate step of storing energy in batteries; as illustrated in Figure 2, the energy 

stored in the battery in the photovoltaic cell can subsequently be used to drive the 

production of hydrogen gas from water.  However, the photochemical cell drives the 

reaction directly. 

In a photochemical cell water oxidation cell, the splitting of water into its 

constituent elements is directly driven by solar energy.  In such a photochemical cell, 

solar energy is used to drive the chemical reaction described in Equation 5 below; 

electrons are removed from H2O, splitting the water molecule into the constituent 

elements of hydrogen (as solvated protons) and oxygen (as the diatomic gas). 
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Water Oxidation:    𝑯𝟐𝑶 (𝒍) → 𝟐 𝒆− + 𝟐 𝑯 (𝒂𝒒)
+ +

𝟏

𝟐
𝑶𝟐 (𝒈)  (5) 

Hydrogen Reduction:  𝟐𝑯(𝒂𝒒)
+ + 𝟐 𝒆− → 𝑯𝟐 (𝒈)   (6) 

Equation 6 describes the subsequent step, which involves recombining the protons 

and electrons to produce hydrogen gas. The oxidation step in this process is significantly 

more energetically demanding than the recombination of electrons and protons (E° = 0 

eV for hydrogen reduction, E° = 1.23 eV for water oxidation).12   

 

Figure 2.  Potential energy storage for a photovoltaic (left) and photochemical (right) cell. 

 

1.4 RUTHENIUM WATER OXIDATION CATALYSTS 

 The first ruthenium-based water oxidation catalyst (WOC) was reported by Meyer 

in 1981.  This consisted of an oxo-bridged dimer of ruthenium(III), commonly referred to 

as “Meyer’s Blue Dimer” (Figure 3a).13 
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Figure 3.  Left: Meyer's “blue dimer”.  Right: the catalyst used in this work.  The carboxyl group serves as a point of attachment for 

the formation of a dyad (described below). 

Subsequently, Meyer & others have described several mononuclear ruthenium 

catalysts based on some form of polypyridyl framework.  Ruthenium-based water 

oxidation is a multistep process, involving a cycling of the metal redox state ranging from 

+2 to +5.  The catalyst must remain stable under these conditions, and a scaffolding of 

coordinated polypyridyl structures have proven to be suitable for this purpose.14, 15 

 

Figure 4.  Multi-electron steps mediating water oxidation by a ruthenium catalyst.14 
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The design of the ruthenium catalyst described in this work is to allow structural 

attachment to a photosensitizer, (specifically, the series of aluminum porphyrins 

described below in section 1.6), without interfering with catalytic functioning.  This 

attachment occurs via a carboxyl group on a peripheral phenyl ring (Figure 3b).  

Evidence for the success of this design goal is given in part in this work, and discussed 

further in Section 1.7, as well as Chapter 2 and Chapter 3. 

1.6 ALUMINUM(III) PORPHYRINS 

1.6.1 PORPHYRIN STRUCTURE 

 All porphyrins consist of a large aromatic macrocycle, the conjugated system of 

which is similar in features to [18]-annulene16.  Porphyrins tend to be planar (or nearly 

so) around this area of aromaticity.   

 

Figure 5.  Variation and similarity of aromaticity in porphyrin and porphyrin-like structures. 
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 As can be seen in Figure 5, porphyrins have 22 π electrons.  Of these, only 18 

electrons are delocalized, in accordance with Huckel’s Rule.  Because of this, aromaticity 

can be maintained when up to two of these π-bonds are reduced, as is the case in the 

closely related derivatives chlorin (Figure 5d) and bacteriochlorin (Figure 5c).  

Porphyrins also feature several points of substitution (Figure 6) which, because they are 

peripheral to the core aromatic ring described above, need not interrupt the aromatic 

nature of the core azoannulene ring.  

 

Figure 6.  Common points of porphyrin substitution 

As seen in Figure 6, porphyrins can be modified at 12 peripheral locations: 8 “β-

pyrrole” positions, and 4 “meso” positions.  Porphyrins can also host a central metal ion, 

which displaces the inner 2 hydrogens (compare: Figure 5b and Figure 5c).  These 

metalloporphyrins are then able to be further axially substituted on this central metal.  

The number and type of axial bonds that can be formed varies depending on the metal 

involved; in its oxygen-bound state, heme exhibits two covalent bonds (Figure 7a), while 

phosphorous porphyrins always form two covalent axial bonds (Figure 7b).17, 18, 19 
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Figure 7.  Axial bonding patterns of two metalloporphyrins.  a: heme in its oxygen-bound state exhibits two coordinate bonds.  b:  

phosphorous porphyrins form two coordinate bonds.  (Note: substitutions at the β and meso positions have been omitted.) 

1.6.2 PORPHYRIN SYMMETRY 

The dianion tetraphenylporphyrin2- exhibits D4h symmetry (Figure 8).  The 

presence of the central hydrogens on the neutral freebase of tetraphenylporphyrin 

removes the two σd planes in Figure 8d, reducing the symmetry to D2h.  The insertion of a 

metal ion into the porphyrin center displaces these two inner hydrogens, and in the 

absence of axial substitution, this restores D4h symmetry.  In metalloporphyrins with 

identical axial substituents, such as the dichloro-substituted phosphorous porphyrin 

shown in Figure 7b, D4h symmetry is maintained.  However, if there is only one axial 

substituent, the σh plane is removed, reducing the symmetry to C4v. 
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Figure 8.  Structure and symmetry operations of the dianion tetraphenylporphyrin2- 

1.6.3 SPECTRAL FEATURES OF PORPHYRINS 

 The strong absorption of porphyrins in the visible-light spectrum arises from π-π*  

transitions which originate in the extended conjugated azoannulene system described in 

Section 1.6.1 (Figure 9).  These transitions give rise to two major bands in the visible 

light absorption spectra, one in the near-UV region (~420 nm), and one in the lower-

visible region (~560 nm).20   
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Figure 9.  Characteristic features in the UV-vis absorption spectra of porphyrins (shown: freebase tetraphenylporphyrin).  The 

region containing the Q-bands is magnified by a factor of 20.  (solvent = acetonitrile). 

The mechanics underlying these transitions have been rationalized by an 

extension of Huckel theory called the “Gouterman 4-orbital model”.  In brief: the 

absorption spectra of porphyrins arise from transitions between 2 HOMO, 2 LUMO.  

Orbital mixing of the excited states produces a higher and a lower energy state.  The 

transition to the S2 state is strongly allowed, while the transition to the S1 state is 

forbidden.  This explains why the S0-S1 transitions (the Q-band) is much weaker in 

intensity than those of the S0-S2 transition (the B-band, also known as the Soret band).21, 

22, 23 
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Figure 10.  Gouterman's four orbital model relating orbital energy levels to spectral the transitions of a porphyrin system.  

 Metalloporphyrin symmetry can be perturbed by the presence of axial ligands.  

The presence of one such ligand tends to pull the metal-center out-of-plane, reducing the 

symmetry to the C4v point group.  This impacts the energetics of the system, and these 

changes can be seen in the fluorescence spectra (as described in Section 2.2.2).  However, 

the selection rules and band patterns do not change, and the effects of ligation on the 

energetics of the system can  still be adequately described by the “four-orbital” model.24  

The presence of a second countervailing ligand on the opposite side pulls the metal center 

back in-plane, restoring D4h symmetry (Figure 12). 
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1.7 ALUMINUM PORPHYRIN-BASED CATALYTIC DYADS AND 

TRIADS 

1.7.1 ALUMINUM(III)  PORPHYRINS AS PHOTOSENSITIZERS 

 

Figure 11.  Structure and naming of the three catalytic dyads; the triads are simply the dyads as shown, with the addition of an 

axially coordinated electron acceptor. 

 The photoactive catalytic dyads described in this work consist of a series of 

aluminum(III) porphyrins axially linked (by way of a covalent ester bond to the central 

aluminum atom) to a ruthenium catalyst (Figure 11).  (Full synthetic details for all 

compounds are given in Chapter 5.)   
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1.7.2 PROPERTIES SPECIFIC TO ALUMINUM(III)  PORPHYRINS 

Aluminum(III) porphyrins form exactly one covalent and one coordinate bond.25, 

26, 27  Synthesis of aluminum(III) porphyrins produces a hydroxyl axially situated on the 

aluminum (Scheme 4), and this readily forms a covalent bond with either an alcohol or 

carboxylic acid (Figure 12).  The coordinate bond forms on the opposite face, with the 

aluminum acting as a Lewis acid.  This allows for specificity in design and assembly of 

catalytic systems involving these porphyrins.   

 

Figure 12.  Axial substitution of aluminum porphyrins.  Aluminum(III) porphyrins can form exactly one covalent bond with an 

alcohol or carboxylic acid, and one coordinate bond with a Lewis base.  (Note: peripheral substituents have been omitted). 
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There are several benefits to the axial layout of components seen in Figure 11.  

One potential problem in the use of porphyrins is that, due to π -π interactions between 

adjacent molecules, porphyrins have a tendency to aggregate28.  When the axial positions 

are occupied, the plane-parallel approach of adjacent porphyrins is sterically inhibited, 

and such “π -stacking” aggregation is inhibited27.  Additionally, axial substitution situates 

the catalytic component perpendicular to the plane of the porphyrin, which in turn 

decreases orbital overlap between the π-bonds of the porphyrin core and the ruthenium 

catalyst.  The design intent of this is to put the catalyst and porphyrin in close proximity, 

without disturbing either the catalytic functioning of the catalyst or the light-absorbing 

function of the porphyrin.  In contrast to this, coplanar substitutions have been shown to 

interfere or greatly change the absorption spectra of porhyrins.29  Electron and energy 

transfer mechanics of aluminum(III) porphyrin assemblies with this axially-situated 

layout of electron donor and acceptor components have been studied.27  

In the active catalyst, the sixth coordinate position is occupied by a water 

molecule.  This work primarily characterizes the molecules with a chloride in this 

position.  The intent of this is to allow the characterization of the catalyst at intermediate 

oxidation steps.  In the catalytic cycle described in Figure 4, successive oxidations are 

driven by addition of Ce4+; consequently, the oxidation step of the catalyst can be 

controlled stoichiometrically.  This method of control is not applicable when light 

provides the driving force for oxidation.  The intent of the chloro-derivative is to halt or 

slow the oxidation of the complex.  Characterization of the compounds at sequential  
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oxidative steps (as is described in Chapter 2) reveals the energy and electron transfer 

behavior of the compounds.  Careful analysis of these data lay the groundwork for 

theoretical modeling of these materials (such as the energy level diagrams described in 

Section 2.4).  This modeling informs the continuing design involved in the eventual 

implementation of these materials in a functioning photochemical cell (briefly described 

in Section 3.3).  Thus, this current work is a necessary, preparatory step towards the 

construction of a functional photochemical cell utilizing these materials. 

 Figure 13 illustrates the electron transfer processes between the electron donor 

(the catalyst), photosensitizer (the aluminum porphyrins), and electron acceptor.   
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Figure 13.  Diagrammatic representation of the desired function of the catalyst/photosensitizer/electron acceptor system. 

As can be seen, photoexcitation promotes an electron in the HOMO of the 

porphyrin, leaving a vacancy.  The driving force for oxidation of the catalyst is then 

provided by the energy gap between the HOMO of the catalyst, and the now half-vacant 

HOMO of the porphyrin.  Similarly, the energy gap between the photoexcited electron 

and the destination orbital of the electron acceptor (this is either the LUMO of a 

molecular electron acceptor such as the C60 ligand described in this work, or the 

conduction band of a semiconductor, described further in the conclusion).  
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Figure 14.  General overview of the compounds described in this work, as they might appear in a photochemical cell.   

The three catalytic dyads described in this work differ only in the degree of 

fluorination on the meso-substituted phenyl groups of the porphyrins.  The presence of 

electron accepting or donating groups on these substituents have been shown to raise or 

lower the ground state energy of the porphyrin.  The design intent is to provide a closely 

related series of porphyrins, which differ only in the ground state of the photosensitizer.  

As described above, the ground state of the porphyrin is directly related to the 

hypothesized mechanisms of the photosensitizer, and therefore, being able to manipulate 

this variable is one way of probing and validating these proposed mechanisms. 
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CHAPTER 2: CHARACTERIZATION 

2.1 NMR/IDENTIFICATION   

The insertion of a metal into the porphyrin core displaces a central pair of 

hydrogens, and this is easily confirmed by way of proton NMR (Figure 15). Successful 

formation of the dyad is given by the following characteristic pattern: as the axial phenyl 

protons approach the aluminum center, they are situated perpendicular to the plane of the 

porphyrin.  As this occurs, it exposes the phenyl protons to the toroidal electromagnetic 

field generated by the aromatic flow of electrons around the porphyrin.  This provides a 

large amount of shielding, sufficient to push these proton peaks out of the normal aromatic 

region, and in towards the alkyl-characteristic region (Figure 15). 

 

Figure 15.  NMR characteristic of metalation.  The inserted metal displaces the two hydrogens from the inner ring. 
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Figure 16.  Toroidal magnetic field of a porphyrin.  An external magnetic field induces current flow about the azoannulene ring, 

which in turn produces a toroidal magnetic field. 

 The circular flow of electrons about the porphyrin core produces a toroidal 

magnetic field.  As an axial ligand approaches this field (as must happen in axial 

substitution), this toroidal field provides magnetic shielding to proximal protons, and this 

is readily observable in proton NMR spectra.  Thus, successful formation of the 

porphyrin/catalyst dyads can be confirmed by observing the shifts of the phenyl protons 

(labeled a and b in Figure 17).  This shift is significant, reversing the order of the phenyl-

protons, and pushing the most proximal pair of protons out of the normal aromatic region.   
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Figure 17.  Characteristic shifts of the porphyrin/catalyst dyad formation.  The spectrum on top is of the unattached ruthenium 

catalyst; the spectrum on the bottom is of the catalyst/porphyrin dyad. 
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2.2 OPTICAL STUDIES 

2.2.1 REFERENCE COMPOUNDS: STRUCTURE AND NAMING 

 

Figure 18.  Structure and naming conventions of the reference compounds. 

 In addition to the dyads shown in Figure 11, several reference compounds were 

prepared, representing the uncoupled components (Figure 18).  The ruthenium reference 

compound is identical in structure to that used to form the dyad, except that the carboxyl 

group has been replaced by a methyl group; this prevents unintentional linkages.  In the 

reference compounds, this same effect is achieved by linkage of the axial hydroxyl group 

of the porphyrin to benzoic acid (further synthetic details are provided in Chapter 5).   

2.2.2 UV-VISIBLE ABSORPTION SPECTRA 

 Aluminum(III) has an electron-donating effect on its constituent porphyrin, and 

consequently, the absorption spectra become red-shifted relative to that of their respective 

freebase porphyrins.  This effect is most noticeable in the Q-band, where the symmetry 

changes characteristic of metalloporphyrins can also be seen (Figure 19). 
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Figure 19.  Q-band region of the nonfluorinated, trifluorinated, and pentafluorinated tetraphenylporphyrin derivatives. (Solvent = 

acetonitrile). 

 In general, the features of the absorption spectra of the dyads are linear 

combinations of the spectra of their constituent monomers.   That is to say, the peaks seen 

in each of the reference compounds, are seen in the equivalent dyad.  For example, in 

Figure 20, it can be clearly see that spectra of the dyad (red) preserves the peaks of the 

ruthenium compound in the UV region (~300 nm), the Soret band of the porphyrin (~420), 

and in the Q-band region, displays a linear combination of the porphyrin and ruthenium 

monomers.  This implies that the electronic structure and function of these components is 

largely preserved in the dyad. 
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Figure 20.  UV-vis spectra of the non-fluorinated reference porphyrin, the related dyad (consisting of the nonfluorinated 

porphyrin and attached ruthenium complex), and the ruthenium reference molecule.  All spectra taken in acetonitrile, and at 

room temperature. 

  The peak wavelengths and relative intensities from the absorption spectra are 

compiled in Table 1; full spectra for all dyads and reference compounds can be found in 

the appendices.     

 

Table 1  Summary of UV-vis absorption data.  (Solvent: acetonitrile.  Molar absorptivity (ε) in units of M-1 ∙ cm-1). 
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Figure 21.  Comparison of the Soret-band region of the UV-vis absorption spectra.  Left: spectra of the three reference porphyrins.  

Right: spectra of the three target compounds (dyads). Spectra taken in acetonitrile and at room temperature. 

 The Soret-band regions of the three reference porphyrins are compared in Figure 

21.  As the degree of fluorination increases, the peak wavelength decreases (and therefore 

energy of transition increases).  This trend is consistent for both the reference porphyrin 

compounds, and the dyads.  The intensity of the Soret band is consistently diminished 

when comparing a monomer to its respective dyad (e.g. AlPor-Ph and AlPor-Ru). 

However, when comparing the three reference compounds, there does not appear 

to be a consistent linear trend in intensity with respect to increased fluorination.  As 

fluorination increases (AlPor-Ph → AlPorF3-Ph), the intensity first increases, and then 

(AlporF3-Ph → AlPorF5-Ph) decreases to below that of the nonfluorinated porphyrin.  

The peak intensities seen in the dyads do show a linear trend, with a decrease in Soret 

band intensity accompanying increased fluorination. 
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Figure 22.  Comparisons between the ruthenium-containing compounds in specific segments of the UV-vis absorption spectra.  All 

spectra taken in acetonitrile and at room temperature. 

The Q-band regions of the three porphyrin/catalyst dyads are compared in Figure 

22.  The non-fluorinated porphyrin shows, as would be expected, an absorption peak that 

is a linear combination of that of the porphyrin and ruthenium reference compounds; 

consequently, the AlPor-Ru peak is higher than that of Ru-Me.  As the degree of 

fluorination increases, the ability of the ruthenium component to absorb in this region 

appears to decrease; both AlPorF3-Ru and AlPorF5-Ru absorb less-strongly than that of 

the free ruthenium monomer.  This is clearly seen in Figure 22, as the peaks for AlPorF3-

Ru and AlPorF5-Ru are lower in intensity than that of the ruthenium compound alone. 
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2.2.3 FLUORESCENCE SPECTRA 

As would be true for any fluorescence assay, the molecule of interest must be able 

to absorb strongly at the excitation wavelength chosen. For porphyrins, there are two main 

absorption bands which suggest themselves.  These are the Soret band, in the near-UV 

region, and the Q-bands in the visible-light region of the spectrum.  Excitation any further 

up the into the UV region would be too energetic, degrading the molecules involved; 

conversely, photons from the infrared region are not energetic enough to drive the 

processes of interest.   

However, it is also important to consider the specific behavior that is being probed.  

The molecular systems being examined were designed such that the porphyrin serves as 

the driving force for an attached catalyst.  When characterizing this behavior, it is therefore 

desirable to choose a wavelength which excites the porphyrin, but not the ruthenium 

complex.  The UV-Vis absorption spectra of Ru-Me shows a broad, low band across the 

visible region, peaking at 490 nm.  The intensity of this band is on the order of magnitude 

of the Q-bands of the reference porphyrins.   
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Figure 23.   UV-vis absorption spectra of AlPor-Ph, highlighting the wavelengths considered for use as excitation wavelengths in 

fluorescence studies in acetonitrile.  Solid line: AlPor-Ph.  Dotted line: Ru-Me.  The Q-band region is magnified by a factor of 20.  

(Solvent = acetonitrilie). 

Fluorescence spectra were collected using all three wavelengths shown in Figure 

23.  Excitation of the porphyrin is represented by excitation at the Soret band (420 nm) 

and the Q-bands (560 nm).  In order to examine the effects (if any) of exciting the 

ruthenium complex, fluorescence spectra were also gathered from the 490 nm excitation 

wavelength.  As can be seen in Figure 24 (right), the ruthenium compound alone does not 

fluoresce at any of the wavelengths tested.  As seen in Figure 24 (left), the reference 

porphyrins can fluoresce at this wavelength, though it is significantly less than that of the 

other two wavelengths.   
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Figure 24.  Left: Comparison of fluorescence spectra of AlPor-Ph at different excitation wavelengths.  Right:  fluorescence spectra 

of Ru-Me at different excitation wavelengths.  All spectra taken in acetonitrile. 

 The effects of coordination by a Lewis base were examined by comparing the 

fluorescence spectra of several coordinating and non-coordinating solvents.  Figure 25 

directly compares the fluorescence spectra of the reference porphyrins in acetonitrile (a 

coordinating solvent) to that of the reference porphyrins in toluene (a non-coordinating 

solvent).   

 

Figure 25.  Effects of a coordinating solvent (acetonitrile) vs. a non-coordination solvent (toluene) on fluorescence spectra of the 

reference porphyrin compounds.  Excitation wavelength: 420 nm. 

The effect is strongest in the spectrum of AlPor-Ph and diminishes as the degree 

of fluorination increases.  The cause of this is not immediately apparent. 
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Figure 26.  .  Fluorescence spectra of the dyads compared against their relevant reference porphyrins.  (Excitation = 420 nm.  

Solvent = acetonitrile.  All spectra taken at room temperature.  All concentrations standardized to 5 x 10-5 M) 

Figure 26 compares the fluorescence of each dyad to its relevant reference 

porphyrin; qualitatively, significant quenching is apparent for all three dyads.  Numerical 

values for this fluorescence quenching were calculated (Table 2). These values were 

calculated in the following manner: first, absolute values of fluorescence for each 

molecule were determined by integrating the area under the curve between 570 and 750 

nm.  The values of the porphyrin-ruthenium dyads (RU) and the reference porphyrins 

(PH) were then compared using the following equation:  

𝒒𝒖𝒆𝒏𝒄𝒉𝒊𝒏𝒈 % =  
𝑷𝑯−𝑹𝑼

𝑷𝑯
∗ 𝟏𝟎𝟎%    (7) 

 

When electron transfer occurs across a molecule, the result is a radical-ion pair.  

Polar solvent molecules can serve to buffer these charges, stabilizing the molecule.  In 

contrast to this, energy transfer across a molecule does not create such ionization, and no 

such charges are produced.  Therefore, if there is a clear relationship between solvent 

polarity and degree of quenching, the quenching mechanism can be indirectly inferred.  

Relative to toluene, more quenching is seen in acetonitrile, but less is seen in THF.  

Therefore, based on these data, no reliable polarity/quenching trend is seen, and no 

conclusion is supported.        29 



 

 

 

Table 2.  Fluorescence quenching. Values calculated using equation 1, with spectral integrations between 570 and 750 nm.  

 Electron and energy transfer are both intramolecular events which can result in 

fluorescence quenching.  The contribution of intermolecular quenching can be examined 

by comparing a mixture of porphyrin and ruthenium-complex monads to that of the 

related dyad.  As seen in Figure 27, no quenching is seen in such a mixture of reference 

compounds.  This is at least a prima facie indication that the source of the quenching is 

intramolecular in nature.  However, under the concentrations tested, the ruthenium and 

porphyrin components would be much further apart than they would be in the assembled 

dyads.  Since there are quenching mechanisms (such as Forster resonance energy 

transfer) which are extremely distance sensitive, this cannot be seen as a definitive 

proof.30 

 

Figure 27.   Comparison of fluorescence spectra for a mixture of monomers (middle), and the related dyads (right).  All 

concentrations were standardized to 5 x 10-5 M, with the concentrations of the mixed materials being 5 x 10-5 M in each of the 

reference compounds (as opposed to 5 x 10-5 M combined).  (Excitation = 560 nm, solvent = acetonitrile, spectra taken at room 

temperature).  The overlap of the absorbance and fluorescence spectra of the relevant reference compounds is shown on the left.  

(solvent = acetonitrile) 
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2.3 ELECTROCHEMISTRY 

 The redox potentials of the dyads and reference compounds were assayed through 

cyclic and differential pulse voltammetry.  The important features and trends are 

summarized in Figure 28 and Figure 29, and values for the redox potentials are 

summarized in Table 3. The full voltammograms for all compounds are compiled in the 

appendices.   

 The electrochemical data reveals two important trends; as seen in Figure 28, the 

voltammograms of the dyads are linear combinations of the voltammograms of the 

relevant reference compounds.  Figure 29 shows that, as the degree of fluorination 

increases, the magnitude of the oxidation also increases.  In all cases, the oxidation of the 

ruthenium complex occurs before that of the first oxidation of the porphyrins.   

 

Figure 28.  Comparison of the oxidative DPV of AlPorF5-Ru to that of the relevant reference compounds.  (solvent = acetonitril, 

0.1 M TBAPF6, Fc used as an internal standard). 
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For the most part, these same trends are seen in the reduction: the magnitude of 

the nonfluorinated porphyrin is smaller than that of the fluorinated porphyrins.  In 

contrast to the oxidations, the porphyrin reductions show more variability across the F0 

→ F5 series.  The porphyrin oxidations show two clear, consistently spaced peaks, 

whereas the reduction peaks vary in both number and spacing.  The nonfluorinated 

porphyrin shows three clear peaks, the trifluorinated porphyrin shows two broad peaks, 

and pentafluorinated porphyrin shows one-clear and one-compound peak.  Additionally, 

the magnitude of the trifluorinated porphyrin is very close to that of the pentafluorinated 

porphyrin.  Despite this variability, it remains clear that the first porphyrin reductions are 

always of smaller magnitude than that of the first ruthenium-complex reductions.   

 

Figure 29.  Differential pulse voltammograms of the three reference porphyrins.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard. 
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Both the absolute and relative (porphyrin vs. ruthenium complex) redox values 

are important in determining whether these molecules can function as designed.  The 

desired behavior of the system involves simultaneous oxidation of the ruthenium 

complex and reduction of the porphyrin.  The ordering of the magnitude of the redox 

values show that it is clearly energetically favorable for this to happen. Additionally, the 

magnitude of the energy gap between first-oxidation and first-reduction is indicative of 

the driving force available to effect electron transfer. 

The cyclic voltammograms (CV) produced results in close agreement with that of 

the differential pulse voltammograms (DPV).  As seen in Error! Reference source not 

found., most of the peaks appear to be reversible.  However, the CVs of the F3 and F5 

porphyrins show nonreversible oxidation peaks.  The CV of AlPor-Ph appears to have 

two nonreversible peaks; however, in the CV of the related dyad AlPorF5-Ru, the peak 

near +1.3 appears to be reversible.  These nonreversible peaks and inconsistencies are 

minimal or absent in the DPVs.  Therefore, in the name of consistency, all values 

displayed in tables and used in the calculations of energy levels were taken from the 

DPVs.  The CVs remain useful in verifying that all of the peaks seen in the DPs are 

reversible in nature (they are).  All CVs are provided in the appendices.   
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Figure 30.  Comparison of CPV and DPV for the reference porphyrins.  Ferrocene used as an internal standard. Solvent = 

acetonitrile; supporting electrolyte = TBAPF6. 

2.4 ENERGY LEVEL DIAGRAMS 

 The optical and electrochemical data were used to calculate the transition energies 

shown in Table 3.  The ΔE of the S0 → S1 transitions were determined by finding the point 

of overlap between the Q-band absorption and fluorescence spectra; these values represent 

the 0-0 vibrational transitions.  All absorb-fluorescence crossover spectra are given in the 

appendices.  The redox values in Table 3 are simply the values given by the DPV. 
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Table 3.  Summary of redox potentials and excitation energies.  All values are stated in electron volts.  All redox values are taken 

from the direct pulse voltammograms, with potentials cited in terms of  volts vs. SCE. 

 The energy values found in Table 3 were used to construct the energy level 

diagrams shown in (Figure 31).  The energy levels of the radical ion pairs represent the 

energy difference between the first oxidation of the ruthenium complex, and the first 

reduction of the relevant aluminum porphyrin; these values were taken from the 

electrochemical data of the reference molecules.   

 

Figure 31.  Energy level diagrams of the three porphyrin/ruthenium dyads. 
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The next step in the catalytic cycle is for the electron on the porphyrin radical to 

be transferred to a suitable electron acceptor.  This resets the porphyrin to its ground 

state, allowing for the next turnover of the cycle to happen (as described in the 

introduction, multiple such cycles are required to effect the eventual oxidation of water, 

as ruthenium is pumped into the +5 oxidation state).  In the eventual photochemical cell, 

this electron acceptor will be the conduction band of a semiconductor, but in the 

immediate term this behavior can be modeled by a fullerene ligand.  The electronic 

interaction of the dyads with the electron acceptor occurs across a coordinate bond 

between the aluminum center and a suitable Lewis base.  Optical monitoring of titrations 

between the dyads and fullerene ligands can show that this interaction occurs, and the 

calculation of binding coefficients from this data give indications of how strong (and 

therefore stable) these bonds are. 

 Titrations were conducted for the first of the three dyads (AlPor-Ru).  The titrations 

were conducted in o-dichlorobenzene, a polar non-coordinating solvent.  The absorption 

and fluorescence spectra for these titrations are shown in Figure 32 and Figure 33.  In both 

cases, the ligands were added in 20 μL increments to a 1 mL volume of dimer (5 x 10-6 M), 

up to a total concentration of 3.05 X 10-5 M.  The excitation wavelength for the fluorescence 

spectra (λex = 557 nm) was derived by finding the isosbestic point in the C60-Im UV-Vis 

titration.   
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Figure 32.  Absorption (left) and fluorescence (right) titrations of AlPor-Ru vs. methylimidazole in o-dichlorobenzene.   

 Figure 32 shows the absorption and fluorescence of the AlPor-Ru dyad with 

methylimidazole.  Qualitatively, the fluorescence spectra shows a shift in peaks 

characteristic of coordination on the aluminum center of the porphyrin (as illustrated by 

Figure 25). 

 

Figure 33.  Absorption (left) and fluorescence (right) titrations of AlPor-Ru vs. C60-Im in o-dichlorobenzene. 
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 In examining Figure 33, it important to note that the C60-Im ligand absorbs 

significantly across the UV-Vis spectra.  This essentially causes the baseline to float 

upward as increasing amounts of ligand are added.  As can be seen by the associated 

fluorescence spectra, the triad (AlPor-Ru←C60-Im) does not appear to be fluorescent. This 

complete loss of fluorescence is characteristic of electron transfer. Therefore, the 

population of bound/unbound dyads can be inferred by the decrease in fluorescent 

intensity. 

 

Figure 34.  Benesi-Hildebrand plots for Me-Im and C60-Im titrations.  Values derived from the UV-Vis absorption spectra found in 

Figure 32 and Figure 33. 

Benesi-Hildebrand analysis of the titration data yielded linear plots for both ligands 

(Figure 34), indicating a 1:1 ratio of complex formation.  Linear regression also allowed for 

the derivation of binding constants, in accordance with the following equation: 

[𝑨𝒍𝑷𝒐𝒓−𝑹𝒖]

𝑨𝒃𝒔𝟒𝟐𝟖 𝒏𝒎
=  

𝟏

[𝑳𝒊𝒈𝒂𝒏𝒅]

𝟏

𝝐𝑲
+  

𝟏

𝛜
    (8) 

Binding constants were calculated to be 1 ∙ 104 𝑀−1 for AlPor-Ru←C60-Im, and 3.6 ∙

104 𝑀−1 for AlPor-Ru←Me-Im. 
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CHAPTER 3:  CONCLUSIONS AND FUTURE WORK 

3.1 DISCUSSION OF RESULTS 

 The characterization results discussed above reveal these aluminum porphyrins to 

be promising candidates for the activation of water oxidation catalysts.  Qualitatively, the 

absorption spectra suggest that the electronic structure of both the aluminum porphyrins 

and ruthenium complexes are preserved in the formation of the dyads.  Importantly, this 

means that the attachment of the ruthenium catalyst does not significantly disrupt the 

light-harvesting function of the porphyrins.  Comparisons of the fluorescence of the 

dyads to that of the reference porphyrins indicate that a significant portion of this 

harvested energy is converted or transferred by some process other than the fluorescence 

seen in the unattached porphyrin.  Most sources of this fluorescence quenching are ruled 

out by comparison to the fluorescence of the reference porphyrins, conducted under 

identical conditions and in a variety of solvents.  The remaining reasonable sources of 

fluorescence quenching are electron or energy transfer, with electron transfer being the 

desirable process necessary to the function of the system.  The spectra of the components 

of the dyads do overlap, but the nature of the overlap is not favorable towards energy 

transfer; the absorption of the ruthenium component is “uphill” relative to the 

fluorescence of the porphyrins (Figure 31).  Therefore, the energetics are supportive of 

electron transfer being the underlying physical mechanism. 

This electron transfer, resulting in the formation of a radical ion-pair, is the 

fundamental physical process needed to enable photosensitization of the system.  At a  
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basic level, the absorption of light-energy must result in electron separation which is 

long-lived enough for chemical work to be done (chemical work must be able to be done 

before recombination or relaxation).   

The suitability of these systems is further supported by the electrochemical data, 

in which the aluminum porphyrins are shown to have several redox potentials in close 

proximity to those of the ruthenium catalyst.  These redox values were also used to 

calculate the energies required for radical ion-pair formation.  Comparisons between the 

optical and electrochemical data suggest that, from a theoretical standpoint, optical 

excitation of the porphyrins provides sufficient driving force to effect radical ion-pair 

formation of the dyads.  The fluorescence quenching data empirically indicates that this 

does in fact happen. 

3.3 FUTURE WORK 

 This document describes the physical properties of a procatalyst.  A great deal of 

work remains before the ultimate goal can be reached: creation of a functioning device. 

 Additional titration studies must be done for the remaining two dyads, AlPorF3-

Ru and AlPorF5-Ru.  Transient absorption studies are currently being undertaken, the 

results of which were not ready at the time of this writing.  Activated catalyst dyads have 

been prepared, and these must be fully characterized, as was done with the protocatalysts 

described in this work.  Finally, the activated catalytic dyads can then be used to prepare 

prototypical photochemical devices, and the real-world performance of these 

photosensitized water oxidation catalysts can be assessed.   
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CHAPTER 4:  EXPERIMENTAL DETAILS 

Synthesis: 

Unless otherwise specified, all chemicals and solvents were obtained from Alfa 

Aesar, MilliporeSigma, or Fisher Chemicals, and used as received.  Chromatographic 

materials were purchased from either MilliporeSigma or Silicycle Inc.  No solvents were 

freshly distilled, and where solvents are described “dry”, water removal was accomplished 

by use of molecular sieves.  In all cases where anaerobic conditions are specified, reactions 

were performed under N2 gas, delivered by Schlenk line.  In all cases where “dark” 

conditions are specified, light was excluded by simply wrapping the reaction vessels in 

aluminum foil. 

Structural Characterization: 

NMR were recorded on either a 500 MHz Varian Inova, or a 400 MHz Brucker Avance 

NEO.  All NMR spectra are reported with shifts in ppm (parts per million). 

Optical Studies: 

UV-Vis spectra were gathered on an Agilent Cary 300 (instrument v12.00) scan 

software v4.20(470). Fluorescence spectra were recorded using a Photon Technologies 

International Quanta Master 8075-11 spectrofluorimeter, equipped with a 75 W xenon 

lamp, running with FelixGX software.   
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Electrochemistry: 

In order to quantify redox potentials of all target and reference materials, both 

cyclic and differential pulse voltammetry were used.  Electrochemical data was gathered 

on a BASi potentiostat, with a platinum working electrode, platinum wire auxiliary and 

silver reference electrode and by use of ferrocene as an internal standard, 

tetrabutylammonium.PF6 as a supporting electrolyte, and HPLC grade acetonitrile as the 

solvent.  Cyclic voltammetry settings were as follows: scan rate = 100 mV; current full 

scale = 100 μA; filter = 10 Hz; quiet time = 2 seconds.  Differential pulse settings: step E 

= 4 mV; pulse amplitude = 50 mV; pulse width = 50 milliseconds; pulse period = 200 

milliseconds; filter = 100 Hz; quiet time = 2 seconds. 

Software:  

Optical and electrochemical data was analyzed and plotted using Origin 2018 v95E.  

Unless otherwise notated, all molecule images, as well as related reaction schemes, were 

generated using ChemDraw Professional version 16.0.1.4 (77).  NMR spectra were 

processed using MesReNova v12.0.0-20080.  Word processing for the preparation of this 

document, as well as the construction of several tables, was performed using Microsoft 

Office 2016. 
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CHAPTER 5:  SYNTHESIS 

 

5.1 PORPHYRINS 

THE ADLER-LONGO METHOD: 

  The method used to synthesize tetraphenyl porphyrins, shown in Scheme 1, was 

first developed by Rothemund31, and improved upon by Adler and Longo32.  This is an 

acid-catalyzed pyrrole/aldehyde condensation.  The reaction is run open to air, using 

oxygen as an oxidant.   

When the ester-derivatives are desired (as in Scheme 1), it is convenient to make 

the esters at the same time as the unsubstituted (symmetrical) tetraphenylporphyrin.  When 

the proportions of the starting materials are as shown in Scheme 1, the products shown are 

produced in approximately equal proportions, and these two fractions can be easily 

separated via column chromatography.  The higher-substituted fractions (i.e. disubstituted 

and trisubstituted) are also produced in minor portions; those fractions were not collected 

in this work. 
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Scheme 1.  Overview of a porphyrin synthesis showing all possible ester configurations.  H2Por and H2Por-Ester are produced in 

nearly equal amounts. 

Synthesis of 5,10,15,20-tetraphenylporphyrin, (H2Por): 

 A mixture of benzaldehyde (0.70 mL, 6.9 mmol), methyl 4-formylbenzoate (377 

mg, 2.3 mmol) and 40.0 mL of propionic acid were combined in a round-bottom flask and 

stirred at 100 °C.  Pyrrole was added dropwise to this mixture (0.64 mL, 9.2 mmol).  The 

mixture was then brought to reflux and stirred for 3 hours under dark conditions.  The 

mixture was then cooled to room temperature, quenched with approximately 10 mL of 

deionized water, and then allowed to stir open to air overnight.  The product was then 

filtered, and the resulting solid filter-cake was washed with approximately 100 mL of DI 

water.  Thin layer chromatography revealed at least 4 distinct porphyrin products (alumina  
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plate, 100% dichloromethane). Initial purification was done on a basic alumina column 

(100% dichloromethane eluent), during which the first two purple bands were collected 

and combined (due to being insufficiently resolved).  Final purification was performed on 

a silica column (100% dichloromethane eluent), which successfully resolved the two pure 

porphyrin fractions. 

Yield = 87.7 mg (6.2% based on pyrrole). 1H NMR (500  MHz, Chloroform-d) δ 8.85 (s, 

8H), 8.23 (d, J = 7.5 Hz, 8H), 7.76 (m, J = 8.1, 6.9 Hz, 12H), -2.76 (s, 2H). 

Synthesis of Methyl 4-(10,15,20-triphenylporphyrin-5-yl)benzoate, (H2Por-Ester):

 Synthesis is identical to that for H2Por, except the second fraction is collected, 

instead of the first.  

Yield = 69.5 mg (5.7%). 1H NMR (400 MHz, Chloroform-d) δ 8.88 (d, J = 2.6 Hz, 5H), 

8.81 (d, J = 4.9 Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.33 (d, J = 8.1 Hz, 2H), 8.24 (d, J = 7.4 

Hz, 6H), 7.80 (t, J = 7.4 Hz, 10H), 4.14 (s, 3H), -2.75 (s, 2H). 
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THE LINDSEY METHOD: 

The Adler-Longo method is carried out at relatively high temperatures, and this 

limits the aldehydes that can be used.  In order to accommodate the fluorinated derivatives 

described below, a different method is needed.  Such a method was developed by Lindsey 

and colleagues33.  This 2-step procedure occurs at room temperature in dark, anaerobic 

conditions, and uses BF3 or TFA as a catalyst.  The mild conditions of this first step were 

designed to reach an equilibrium during condensation, minimizing the concentration of 

side-products. The second step involves the addition of DDQ or p-chloranil as a mild 

oxidizing agent, yielding the desired freebase porphyrin. 

Synthesis of 5,10,15,20-tetrakis(3,4,5-trifluorophenyl)porphyrin, (H2PorF3): 

Scheme 2.  Synthesis of H2PorF3 and H2PorF3-Ester. 
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 Synthesis for H2PorF3 and its associated ester-derivatives proceeded similarly to 

that of the H2PorF5 derivatives; a mixture of 4-methylcarboxybenzaldehyde (2.15 mmol, 

0.35 g), pyrrole (8.6 mmol, 0.6 mL), and HPLC grade DCM was placed into a flask.  The 

reaction system was then purged with N2 gas for 30 minutes, after which time 3,4,5-

trifluorobenzaldehyde (6.8 mmol, 0.77 mL) was added via syringe.  After being allowed to 

stir for approximately 30 minutes, BF3∙ diethyl etherate (0.22 mL) was added.  After 3 

hours of stirring, p-chloranil (4.18 g) was added, and the mixture was then allowed to 

continue stirring at room-temperature overnight.  Purification was achieved by column 

chromatography (silica column, DCM/hexanes = 50:50), with the product (H2PorF3) being 

collected in the first fraction.  

Yield = 388.6 mg (21.75% based on pyrrole).1H NMR 1H NMR (300 MHz, Chloroform-

d) δ 8.90 (s, 8H), 7.86 (t, J = 6.7 Hz, 8H), -2.99 (s, 2H). 

Synthesis of methyl 4-(10,15,20-tris(3,4,5-trifluorophenyl)porphyrin-5-yl)benzoate, 

(H2PorF3-Ester): 

The synthetic method for producing H2PorF3-Ester is the same as that for H2PorF3, 

except the second fraction is collected, instead of the first.  

Yield = 301.0 mg (16.77% based on pyrrole).   
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Synthesis of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin, (H2PorF5): 

 

Scheme 3.  Synthesis of H2PorF3 and H2PorF3-Ester 

 Into a round-bottom flask containing 1.25 L of CH2Cl2 was placed pyrrole (0.750 

mL, 10.75 mmol), 2,3,4,5,6-pentafluorobenzaldehyde (0.77 mL, 3.70 mmol), and 4-

methylcarboxybenzaldehyde (0.35 g, 2.13 mmol).  The pentafluorobenzaldehyde was first 

melted by placing the container in a lukewarm water bath, then transferred to the flask via 

syringe.  This mixture and reaction system was then thoroughly purged with N2 (including 

directly bubbling N2 into the stirring solution) for approximately 45 minutes.  Once the 

long N2 needle was removed from the solution (still leaving the system open to the N2 

Schlenk line), 0.21 mL of BF3∙ Et2O was added to the flask via syringe.  The flask was then 

covered in aluminum foil, and left to stir at room temperature for approximately 3.5 hours.   
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Once this time had elapsed, 4.18 g of p-chloranil was added into the flask, and the system 

was left to stir overnight at room temperature.  Purification was achieved by column 

chromatography (silica column, DCM/hexanes = 50:50), with the product being collected 

in the first fraction. Yield = 300 mg (11.45% based on pyrrole). 1H NMR (500 MHz, 

Chloroform-d) δ 8.93 (s, 8H), -2.90 (s, 2H). 

Synthesis of methyl 4-(10,15,20-tris(perfluorophenyl)porphyrin-5-yl)benzoate 

(H2PorF5-monoester): 

Synthesis was the same as that for H2PorF5, except that the second fraction is collected 

instead of the first.  

Yield = 367 mg (14.49% based on pyrrole).  1H NMR (500 MHz, Chloroform-d) δ 8.91 

(s, 6H), 8.84 (s, 2H), 8.51 – 8.46 (d, J = 8.2 Hz 2H), 8.31 (d, J = 7.3 Hz, 2H), 4.13 (s, 

3H), -2.86 (s, 2H). 
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Preparation of Aluminum(III) Porphyrins: 

 

Scheme 4.  Aluminum metalation of freebase porphyrins.  The procedure is the same for both the nonfluorinated and 

pentafluorinated derivatives.  *In the case of the trifluorinated derivative, low solubility of the porphyrin necessitated a longer 

reaction time described below). 

Preparation of 5,10,15,20-tetraphenylporphyrinatoaluminum(III) hydroxide, 

(AlPor-OH), from H2Por: 

A mixture of 1 g of H2Por and 60 mL of dry toluene were placed into a flask, and 

the reaction system was flushed with N2 for 20 minutes, at which time 1 mL of 

trimethylaluminum was added.  The solution was stirred at room temperature under 

nitrogen for 9 hours, at which time the reaction was quenched by addition of 5 mL of DI 

H2O, then left to stir overnight.  The solvent was then removed under reduced pressure, 

then re-dissolved in DCM/MeOH to allow for dry-packing of an alumina column.  Pure 

DCM was used to elute-off unreacted freebase porphyrin.  Following this, a 5% 

MeOH/95% DCM mixture was used to collect the product.  This second fraction was 

collected, and the solvent removed under reduced pressure, producing the pure product as 

a purple opaque solid. Yield = 1.244 g (91.5%).  1H NMR (500 MHz, Chloroform-d) δ 

9.02 (s, 8H), 8.20 (s, 8H), 7.77 (m, 12H).              50 



 

 

Preparation of 5,10,15,20-tetrakis(3,4,5-trifluorophenyl)porphyrinatoaluminum(III) 

hydroxide, (AlPorF3-OH), from H2PorF3: 

The procedure is largely the same as for that of the nonfluorinated porphyrins.  In the case 

of H2PorF3, the reaction is run for at least 5 days (as opposed to 4 hours), and a larger 

volume of solvent was used.  This is due to the lower solubility of this porphyrin in toluene. 

A mixture of 173 mg of H2PorF3 and 200 mL of dry toluene were placed into a 

flask, and the reaction system was flushed with N2 for 20 minutes, at which time 1 mL of 

trimethylaluminum was added via syringe.  The solution was stirred at room temperature 

under nitrogen for 6 days, at which time the reaction was quenched by addition of 5 mL of 

DI H2O, then left to stir overnight.  The solvent was then removed under reduced pressure, 

then re-dissolved in DCM/MeOH to allow for dry-packing of an alumina column.  Pure 

DCM was used to elute-off unreacted freebase porphyrin.  Following this, a 5% 

MeOH/95% DCM mixture was used to collect the product.  This second fraction was 

collected, and the solvent removed under reduced pressure, producing the pure product as 

a purple opaque solid. Yield = 150 mg (91%).  1H NMR (500 MHz, Acetonitrile-d3) δ 9.13 

(s, 8H), 8.02 (t, J = 7.5 Hz, 8H) 
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Preparation of Aluminum of 5,10,15,20-

tetrakis(pentafluorophenyl)porphyrinatoaluminum(III) hydroxide (AlPorF5-OH) 

from H2PorF5: 

A mixture of 0.90 g of H2PorF5 and 200 mL of dry toluene were placed into a flask, and 

the reaction system was flushed with N2 for 20 minutes, at which time 1 mL of 

trimethylaluminum was added via syringe.  The solution was stirred at room temperature 

under nitrogen overnight, at which time the reaction was quenched by addition of 5 mL 

of DI H2O, then left to stir approximately 4 hours.  The solvent was then removed under 

reduced pressure, then re-dissolved in DCM/MeOH to allow for dry-packing of an 

alumina column.  Pure DCM was used to elute-off unreacted freebase porphyrin.  

Following this, a 5% MeOH/95% DCM mixture was used to collect the product.  This 

second fraction was collected, and the solvent removed under reduced pressure, 

producing the pure product as a purple opaque solid. Yield = 0.88 g (63%).  1H NMR 

(400 MHz, Chloroform-d) δ 9.09 (s, 8H). 
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5.2 RUTHENIUM CATALYSTS 

Preparation of Ru(II) catalyst:   

 

Scheme 5. Synthesis of the ruthenium catalyst and reference molecule. 

 [Ru(bpy)(DMSO)2Cl2]Cl: A mixture of reagent grade ethanol (4.25 mL, 99.5% purity), 

DMSO (0.55 mL), and 67 mg of 2,2’-bipyridine (bpy) was stirred under reflux for 20 

minutes.  To this was slowly added a mixture of RuCl3 ∙ 3H2O (88.2mg, 0.426 mmol) in 

ethanol (4.25 mL); this was done by dropwise addition of approximately 1 mL aliquots 

spaced in 5-minute intervals.  Once the addition of the above ruthenium mixture was 

complete, the mixture was stirred under reflux for 5 hours.  This was followed by hot-

filtration under vacuum, and successive washing with 10 mL of cold ethanol, then 75 mL 

of diethyl ether.  This resulted in the product as a coppery-opaque powder.  Yield: 86 mg 

(46% based on Ru center).  

Preparation of [Ru(bpy)(tpy-ph-CH3)Cl]Cl, (Ru-Me): 

 A mixture of LiCl (31.1 mg), 4'-(4-methylphenyl)-2,2':6',2''-terpyridine, (206.3 mg) 

and [Ru(bpy)2(DMSO)Cl2]Cl (394.5 mg) were placed into a round bottom flask.. Into this  
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was placed 35 mL of EtOH, 15 mL of DI H2O and 150 μL of N(CH2CH3)3.  The mixture 

was stirred at reflux for 5.5 hours, hot-filtered, and the solvent was then removed under 

reduced pressure.  The product was then recrystallized by first dissolving in MeOH, then 

pouring into an excess of diethyl ether, and filtered to yield the product as a reddish-brown 

opaque solid.  Yield = 460 mg (79.6%).  1H NMR (500 MHz, cd3cn) δ 10.24, 10.23, 8.74, 

8.74, 8.62, 8.60, 8.53, 8.52, 8.33, 8.31, 8.27, 8.26, 8.24, 8.02, 8.01, 7.97, 7.96, 7.95, 7.90, 

7.89, 7.87, 7.68, 7.67, 7.65, 7.51, 7.49, 7.37, 7.36, 7.28, 7.27, 7.26, 6.96, 6.95, 6.93, 2.50, 

2.15, 1.94. 

Preparation of [Ru(bpy)(tpy-ph-COOH)Cl]Cl, (Ru-COOH): 

 Into a RBF was placed sodium 4-([2,2':6',2''-terpyridin]-4'-yl)benzoate (170 mg), 

[Ru(bpy)(DMSO)2(tpy-ph-COONa)]Cl2Cl (200 mg), LiCl (25 mg), Et3N (1 mL), EtOH 

(25 mL), and DI H2O (8.75 mL).  The above was stirred at reflux for 5 hours, then hot-

filtered (gravity filtration through fast filter paper), and the solvent was then removed under 

reduced pressure.  The product was then recrystallized by first dissolving in MeOH, then 

pouring into an excess of diethyl ether, and filtered to yield the product as a reddish-brown 

opaque solid.  Yield = 300 mg (96%).  1H NMR (500 MHz, DMSO-d6) δ 10.09 (d, J = 5.5 

Hz, 1H), 9.23 (s, 2H), 8.94 (dd, J = 13.6, 8.2 Hz, 3H), 8.64 (d, J = 8.2 Hz, 1H), 8.45 (d, J 

= 8.3 Hz, 2H), 8.36 (t, J = 7.8 Hz, 1H), 8.21 (d, J = 8.2 Hz, 2H), 8.07 (t, J = 6.7 Hz, 1H), 

8.06 – 7.98 (m, 2H), 7.77 (t, J = 7.5 Hz, 1H), 7.63 (d, J = 5.5 Hz, 2H), 7.40 (q, J = 4.6 Hz, 

3H), 7.07 (t, J = 6.7 Hz, 1H). 
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5.3 PREPARATION OF PORPHYRIN-CATALYST DYADS  

The assembly of the aluminum porphyrin/ruthenium catalyst dyads is 

straightforward.  In short, the respective monomers are simply dissolved, mixed together, 

and the ester linkage forms.  This is accomplished at room temperature, and the reaction 

goes to completion in under 30 minutes, without the need for a catalyst. A set of reference 

compounds were made, as shown in the figure below.  These were used to help isolate the 

change in behavior arising from communication between the aluminum porphyrins and 

ruthenium catalysts, as opposed to that arising from simple changes in structure and 

connectivity.  

 

Figure 35.  Structure and naming conventions of the ruthenium-porphyrin dyads, as well as the related reference porphyrins 

 

 

55 



 

 

5.4 PREPARATION OF THE FULLERENE LIGAND 

Preparation of N-Methyl-20-(4-(1H-imidazol-1-yl)phenyl)-pyrrolidino-

[30,40:1,2][60]fullerene, (C60-Im): 

 

Scheme 6.  C60-Im synthesis. 

A mixture of 50.0 mg of C60 fullerene, 15.5 mg sarcosine, and 26.0 mg of 4-imidazolyl 

benzaldehyde, and 40 mL of toluene were refluxed under nitrogen for 6 hours.  This 

mixture was then cooled to room temperature, and the solvent was removed under 

reduced pressure.  Thin layer chromatography on the resulting black solid product 

(alumina plate, 75/25 toluene/ethyl acetate) revealed the presence of at least 2 species.  

Thin layer chromatography done on alumina produced better separation than that done on 

a silica plate, and therefore alumina was chosen for purification by column-

chromatography.  This was done by first using pure toluene to elute off the purple C60 

band, then 75/25 toluene/ethyl acetate to produce the desired product as a brown solid.  

Subsequent to removal of the solvent under reduced pressure, proton NMR was 

performed, which showed the presence of significant aldehyde impurity.  Subsequent 

washing with methanol removed this impurity, finally producing the pure product. Yield 

= 12.5 mg, (20% yield).  
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CHAPTER 6:  APPENDICES 

6.1 NMR 

 

 

Figure 36.  H2Por proton NMR. 

H2Por:  
1
H NMR (500 MHz, Chloroform-d) δ 8.85 (s, 8H), 8.23 (d, J = 7.5 Hz, 8H), 7.76 (m, J = 

8.1, 6.9 Hz, 12H), -2.76 (s, 2H). 
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Figure 37.  AlPor-OH proton NMR. 

AlPor-OH:
  1

H NMR (500 MHz, Chloroform-d) δ 9.02 (s, 8H), 8.20 (s, 8H), 7.77 (m, 

12H). 
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Figure 38.  H2Por-Ester proton NMR. 

H2Por-Ester.  1H NMR (400 MHz, Chloroform-d) δ 8.88 (d, J = 2.6 Hz, 6H), 8.81 (d, J = 4.9 

Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.33 (d, J = 8.1 Hz, 2H), 8.24 (d, J = 7.4 Hz, 6H), 7.79 (d, J 

= 7.3 Hz, 9H), 4.14 (s, 3H), -2.75 (s, 2H) 
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Figure 39.  H2PorF3 

H2PorF3.  1H NMR (300 MHz, Chloroform-d) δ 8.90 (s, 8H), 7.86 (t, J = 6.7 Hz, 8H), -

2.99 (s, 2H). 
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Figure 40.  AlPorF3-OH proton NMR. 

AlPorF3-OH.  1H NMR (500 MHz, Acetonitrile-d3) δ 9.13 (s, 8H), 8.02 (t, J = 7.5 Hz, 

8H) 
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Figure 41.  H2PorF5 proton NMR. 

H2PorF5.  1H NMR (500 MHz, Chloroform-d) δ 8.93 (s, 8H), -2.90 (s, 2H). 
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Figure 42.  AlPorF5-OH proton NMR. 

AlPorF5-OH.  1H NMR (400 MHz, Chloroform-d) δ 9.09 (s, 8H). 

 

 

 

 

 

 

 

 

 

 

66 



 

 

 

Figure 43.  H2PorF5-Ester proton NMR. 

H2PorF5-Ester.  1H NMR (500 MHz, Chloroform-d) δ 8.91 (s, 6H), 8.84 (s, 2H), 8.48 (d,, 

J = 8.2 Hz, 2H), 8.31 (d, J = 7.3 Hz, 2H), 4.13 (s, 3H), -2.86 (s, 2H). 
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Figure 44.  AlPor-Ru proton NMR. 

AlPor-Ru.  1H NMR (400 MHz, ) δ 10.12 (dd, J = 5.4, 1.5 Hz, 2H), 9.40 (s, 8H), 9.35 (q, 

J = 5.8, 5.2 Hz, 2H), 9.28 (s, 6H), 9.19 (s, 4H), 9.04 – 8.83 (m, 8H), 8.77 – 8.50 (m, 

10H), 8.40 – 8.21 (m, 9H), 8.16 – 7.98 (m, 14H), 7.90 (td, J = 7.9, 1.5 Hz, 3H), 7.78 (td, 

J = 7.9, 1.5 Hz, 3H), 7.74 – 7.60 (m, 6H), 7.53 (dd, J = 5.3, 1.5 Hz, 2H), 7.46 – 7.35 (m, 

8H), 7.31 (td, J = 6.5, 6.0, 1.4 Hz, 3H), 7.21 (t, J = 7.2 Hz, 3H), 7.09 (ddd, J = 7.4, 5.8, 

1.4 Hz, 3H), 4.79 (d, J = 8.3 Hz, 2H). 
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Figure 45.  AlPorF3-Ru proton NMR. 

AlPorF3-Ru.  1H NMR (400 MHz, ) δ 10.12 (dd, J = 5.4, 1.5 Hz, 2H), 9.40 (s, 8H), 9.35 

(q, J = 5.8, 5.2 Hz, 2H), 9.28 (s, 6H), 9.19 (s, 4H), 9.04 – 8.83 (m, 8H), 8.77 – 8.50 (m, 

10H), 8.40 – 8.21 (m, 9H), 8.16 – 7.98 (m, 14H), 7.90 (td, J = 7.9, 1.5 Hz, 3H), 7.78 (td, 

J = 7.9, 1.5 Hz, 3H), 7.74 – 7.60 (m, 6H), 7.53 (dd, J = 5.3, 1.5 Hz, 2H), 7.46 – 7.35 (m, 

8H), 7.31 (td, J = 6.5, 6.0, 1.4 Hz, 3H), 7.21 (t, J = 7.2 Hz, 3H), 7.09 (ddd, J = 7.4, 5.8, 

1.4 Hz, 3H), 4.79 (d, J = 8.3 Hz, 2H). 
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Figure 46.  AlPorF5-Ru proton NMR. 

AlPorF5-Ru.  1H NMR (400 MHz, ) δ 10.12 (d, J = 5.3 Hz, 1H), 10.02 (d, J = 5.4 Hz, 

1H), 9.57 (s, 1H), 9.40 (s, 7H), 9.28 (s, 8H), 9.19 (s, 3H), 9.00 – 8.83 (m, 5H), 8.72 (d, J 

= 8.1 Hz, 2H), 8.65 (d, J = 12.1 Hz, 3H), 8.61 – 8.54 (m, 1H), 8.40 – 8.27 (m, 3H), 8.24 

(d, J = 8.2 Hz, 3H), 8.17 – 7.98 (m, 9H), 7.94 – 7.86 (m, 2H), 7.82 – 7.61 (m, 6H), 7.53 

(d, J = 5.4 Hz, 2H), 7.41 (dt, J = 13.2, 6.1 Hz, 5H), 7.31 (t, J = 6.6 Hz, 2H), 7.21 (t, J = 

7.1 Hz, 3H), 7.09 (t, J = 6.6 Hz, 1H), 6.94 (t, J = 6.6 Hz, 1H), 4.79 (d, J = 8.2 Hz, 2H), 

4.14 (d, J = 5.5 Hz, 1H). 
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Figure 47. Ru-Me proton NMR. 

Ru-Me.  1H NMR (500 MHz, ) δ 10.09 (d, J = 5.5 Hz, 1H), 9.23 (s, 2H), 8.94 (dd, J = 

13.6, 8.2 Hz, 3H), 8.64 (d, J = 8.2 Hz, 1H), 8.45 (d, J = 8.3 Hz, 2H), 8.36 (t, J = 7.8 Hz, 

1H), 8.21 (d, J = 8.2 Hz, 2H), 8.10 – 7.98 (m, 3H), 7.77 (t, J = 7.5 Hz, 1H), 7.63 (d, J = 

5.5 Hz, 2H), 7.40 (q, J = 4.6 Hz, 3H), 7.07 (t, J = 6.7 Hz, 1H). 
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Figure 48.  RuCOONa proton NMR. 

Ru-COONa.  1H NMR (500 MHz, cd3cn) δ 10.17, 10.16, 8.68, 8.68, 8.67, 8.55, 8.53, 

8.46, 8.45, 8.26, 8.24, 8.20, 8.19, 8.17, 7.96, 7.94, 7.94, 7.90, 7.89, 7.88, 7.84, 7.82, 7.80, 

7.62, 7.60, 7.58, 7.44, 7.42, 7.30, 7.29, 7.21, 7.20, 7.19, 6.89, 6.88, 6.86. 
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Figure 49.  C60-Im proton NMR. 

C60-Im.  1H NMR (500 MHz, Chloroform-d) δ 7.91 (s, 1H), 7.44 (d, J = 8.3 Hz, 1H), 7.33 

– 7.24 (m, 10H), 7.19 (t, J = 7.7 Hz, 1H), 7.14 – 7.06 (m, 1H), 5.25 (s, 1H), 4.99 – 4.94 

(m, 1H), 4.94 – 4.85 (m, 2H), 4.23 (dd, J = 18.5, 9.4 Hz, 1H), 3.32 (p, J = 1.6 Hz, 5H), 

3.15 (s, 23H), 2.79 – 2.69 (m, 4H), 2.29 (s, 1H), 1.19 (s, 1H), 0.80 (s, 1H). 
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6.2 OPTICAL DATA 

All UV-Vis absorption data taken in acetonitrile (excluding the titration data).  All 

fluorescence data gathered with an excitation wavelength of 560 nm. 

6.2.1 UV-VIS 

 

UV-Vis absorption spectra of H2Por and AlPor-OH.  Solvent = acetonitrile. 
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UV-Vis absorption spectra of H2PorF3 and AlPorF3-OH.  Solvent = acetonitrile. 
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Figure 50.  UV-Vis absorption spectra of H2PorF5 and AlPorF5-OH. 

UV-Vis absorption spectra of H2PorF5 and AlPorF5-OH.  Solvent = acetonitrile. 
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Figure 51.  UV-Vis absorption spectra of AlPor-Ph, AlPor-Ru, and Ru-Me. 

UV-Vis absorption spectra of AlPor-Ph, AlPor-Ru, and Ru-Me.  Solvent = acetonitrile. 
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UV-Vis absorption spectra of AlPorF3-Ph, AlPorF3-Ru, and Ru-Me.  Solvent = 

acetonitrile. 
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Figure 52.  UV-Vis absorption spectra of AlPorF5-Ph, AlPorF5-Ru, and Ru-Me. 

UV-Vis absorption spectra of AlPorF5-Ph, AlPorF5-Ru, and Ru-Me.  Solvent = 

acetonitrile. 
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6.2.2 FLUORESCENCE SPECTRA 

 

Figure 53.  Fluorescence spectra of reference porphyrins at various excitation wavelengths. 

Fluorescence spectra of the reference porphyrins, comparing the effects of different 

excitation wavelengths on intensity. 
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Figure 54.  Fluorescence spectra of the catalytic dyads at various excitation wavelengths. 

Fluorescence spectra of the dyads, comparing the effects of different excitation 

wavelengths on intensity. 
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Figure 55.  Fluorescence spectra of each catalytic dyads vs. its relevant reference compounds.  (Excitation wavelength = 560 nm). 

Fluorescence quenching: comparison of the fluorescence of the catalytic dyads to the 

reference porphyrins.  Excitation = 560 nm.  The solvents are as follows:  top row = 

acetonitrile; middle row = tetrahydrofuran; bottom row = toluene.  All spectra taken at 

room temperature. 
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Figure 56.  Fluorescence spectra of each catalytic dyads vs. its relevant reference compounds.  (Excitation wavelength = 420 nm). 

Fluorescence quenching: comparison of the fluorescence of the catalytic dyads to the 

reference porphyrins.  Excitation = 420 nm.  The solvents are as follows:  top row = 

acetonitrile; middle row = tetrahydrofuran; bottom row = toluene.  All spectra taken at 

room temperature. 
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6.2.3 DETERMINATION OF 0-0 TRANSITION ENERGY

 

Figure 57.  Absorption and emission spectra of AlPor-Ph. 
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Figure 58.  Absorption and emission spectra of AlPorF3-Ph. 
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Figure 59.  Absorption and emission spectra of AlPorF5-Ph. 
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6.4 ELECTROCHEMISTRY 

 

Figure 60.  DPV and CV of Ru-Me. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line).  

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 61.  DPV and CV of AlPor-Ph. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 62.  DPV and CV of AlPor-Ru. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 63.  DPV and CV or AlPorF3-Ph. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 64.  DPV and CV of AlPorF3-Ru. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 65.  DPV and CV of AlPorF5-Ph. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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Figure 66.  DPV and CV of AlPorF5-Ru. 

Top: differential pulse voltammogram.  Solvent: 0.1 M TBAPF6 in ACN with Fc as an 

internal standard.  Oxidation of Fc set to +0.4 mV (notated by dotted vertical line). 

Bottom:  cyclic voltammograms.  Solvent: 0.1 M TBAPF6 in acetonitrile with Fc as an 

internal standard.  Oxidation of ferrocene set to +0.4 mV (notated by dotted vertical line).  

Scan rate = 100 mV/s   
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