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Abstract 

Porphyrin and fullerene molecules are one of the most extensively studied electron 

donor-acceptor pairs in the history of artificial photosynthesis. Their unique properties allow them 

to undergo photoinduced electron transfer to form a charge-separated state (P.+C60
.-), that shows 

potential for them to perform as the active materials for solar energy harvesting. A class of 

calix[4]arene-linked bis-porphyrin (“jaws” porphyrin) was previously constructed by our 

collaborators, Boyd et al., and shown to bind with fullerenes (C60 and C70) with high affinity. 

Understanding the photophysics of these self-assembled complexes, particularly the charge 

recombination timescale in order to direct future targeted molecular development is the focus of 

the research reported in this thesis. The central goal of these studies is to evaluate the 

effectiveness of ferrocene derivatives as secondary donors to increase the lifetime of the charge-

separated state. 

Femtosecond transient absorption spectroscopy (fsTRA) was utilized to measure the 

excited state lifetimes of the transient intermediate species subsequent to photoexcitation of the 

porphyrin donor. This technique uses two ~100 fs laser pulses separated by a temporal delay. 

The first, a narrow-band pulse, is used to pump the porphyrin to a chosen excited state. The 

second broadband supercontinuum pulse probes the absorption spectrum of the sample as it 

evolves. The 3 dimensional data (absorption difference, time, and wavelength) is carefully 

analysed to extract and model the kinetics of the excited species. Porphyrin dynamics dominate 

the UV-Vis region, while the decay profile of C60
- shows a fairly isolated signal in the near-IR.  

Three types of ferrocene-porphyrin-fullerene triads are discussed in this thesis, and all of 

them exploit the bis-porphyrin “jaws” host – fullerene guest self-assembled complex. : 1) a fully 

self-assembled system in which the ferrocene derivative is attached via coordination to the metal 

centre of the porphyrin, 2) a series of compounds in which ferrocene derivatives with different 

spacer lengths are covalently attached to a meso-position on the porphyrin macrocycle, and 3) 

compounds in which the ferrocene derivative is covalently attached to the calix[4]arene linker that 

forms the “hinge” of the bis-porphyrin “jaws.” Two other secondary donors – a covalently bound 

N-trityl group and a Ru-porphyrin attached to the bis-porphyrin fullerene were also investigated.  
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Increased lifetimes of the fullerene radical anion were observed for all triads (up to ~3 ns) 

compared to parent bis-porphyrin fullerene dyads (no ferrocene present). However, the 

experimental results did not show active participation of the secondary donors in the electron 

transfer process. Instead, we believe that the observed lifetime differences can be ascribed to 

changes in the porphyrin-fullerene donor-acceptor electronic coupling strength induced by the 

ferrocene derivative. Large electronic coupling strengths (>400 cm-1) , estimated from charge-

transfer absorption spectra of the complexes,  suggest extremely tight coupling between 

electronic orbitals of the donor and acceptor, resulting in fast back electron transfer in the systems 

explored here. 

We also performed fsTRA on solid porphyrin-C60 crystals ground with KBr to give thin, 

semi-transparent discs. The relationship between variations in crystal packing and their charge 

recombination dynamics is discussed. Finally, a complete nanosecond transient absorption 

system was constructed and tested for measuring species in the longer timescales.  It employs a 

novel supercontinuum probe based on the nonlinear optical effects in photonic crystal fibers. The 

construction and benchmark testing of this new instrument upon a well-known porphyrin and on 

an electron transfer compound is also presented. 
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1. Overview 

The fundamental understanding of the photophysics and photochemistry of molecules 

has proven to be one of the most important fields of study in physical chemistry1-2. The motivation 

behind this research is to mimic the process of photosynthesis in nature to harness solar energy, 

and provide clean, renewable energy for the future. My research is part of a larger project that 

focuses on the rational design, synthesis and testing of simple artificial mimics of biological 

photosynthesis, namely porphyrin-fullerene complexes (Figure 1-1).  

 

 

Figure 1-1 An example of the self-assembled porphyrin-fullerene dyad (Zn1-C60) studied in this research. 

After excitation, photoinduced electron transfer (PET) occurs from the singlet porphyrin to C60 to create the 

charge-separated state P.+-C60
.-. 

 

Femtosecond transient absorption spectroscopy (fsTRA) is the key method used to probe 

the spectra and lifetimes of the key transient intermediate states in these systems. A ~100 fs laser 

pulse first excites the porphyrin electron donor. A second pulse, with a supercontinuum (SC) 

spectrum, probes the ultraviolet-visible (UV-Vis) / near-infrared (near-IR) absorption spectrum of 

the complex at some time delay from the first one. By changing the time delay between the pump 

and probe pulses, the spectral evolution and lifetimes of these transient species can be observed. 



 
3 

 

We are particularly interested in the kinetics of the photoinduced electron transfer (PET) 

processes, particularly the lifetime(s) of the charge-separated states. By measuring these 

photodynamics for several different classes of porphyrin-fullerene self-assembled complexes, we 

hope to be able to link the structural details of the system to its photobehaviour. In this manner, 

my thesis research ultimately seeks to use fsTRA to help optimize the efficiency of model solar 

energy harvesting complexes, and improve solar energy technology in the long term.  

This thesis is organized in six chapters. Chapter 1 describes a brief history of solar cell 

technology. A literature background of relevant previous studies of biomimetic systems for 

artificial photosynthesis, particularly those with porphyrins and fullerenes as electron donors and 

acceptors, respectively, will be delivered. Finally, I will briefly review the Marcus theory of electron 

transfer and provide a description of the relevant parameters that define and/or affect the rate of 

PET. 

 Chapter 2 describes fsTRA, the key experimental technique used to investigate the 

dynamics of the molecules of interest. Also included are the details of the instrument operation, 

experimental parameters, acquisition procedures, data processing and analysis, and kinetic 

modelling for the complicated 3-dimensional fsTRA spectra.  

The detailed results of our fsTRA studies of bis-porphyrin-fullerene complexes begin in 

Chapter 3. In this chapter, the parent calix[4]arene-linked (L) bis-porphyrin host (Zn1) is described 

(Figure 1-2).Two related host bis-porphyrins (Figure 1-3) Zn2 and Zn3, are introduced as well. 

Dyads and triads are complexes with two or three different potential PET active components, 

respectively. The three host bis-porphyrins were self-assembled with C60 to test the effects of 

coordinating a fifth ligand through a pyridine linkage (tBu-Py and Fc-Py) to the Zn in the centre of 

the porphyrin PET donor. In particular, coordination of Fc-Py forms a triad Zn3-C60 in which Fc is 

expected to serve as a secondary electron donor, and thereby increase the charge-separated 

state lifetime. The fsTRA results revealing the charge-separated state lifetimes for these 

molecules will be discussed in detail, and a model that relates their magnitude to electronic 

coupling within the complex will be developed. We have also explored the effect of substituting 

C70 for C60 as the electron acceptor. The elongated shape of C70 changes the binding properties 

and molecular orbital overlap with the host bis-porphyrins. Both of these factors may affect the 

rate of ET. FsTRA results from PET studies of two C70–porphyrin complexes (dyad Zn1-C70 and 
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triad Zn3-C70) are presented in this chapter, and these are compared to the equivalent C60 

versions.   

 

Figure 1-2 The parent Zn1 bis-porphyrin, self-assembled with C60 and C70 to form dyad Zn1-C60 and dyad 

Zn1-C70. PET of these complexes is discussed in Chapter 3. (Note: A tabulated version of all the individual 

ligands, bis-porphyrins, and their complexes can be found in Appendix A).  

 

In Chapter 4, I examine the photophysical behaviour of several bis-porphyrin-C60 

complexes that have ferrocene secondary donors covalently appended to the porphyrins at the 

periphery. These triad complexes test the effects of covalently attached secondary donors on the 

charge-separated state lifetimes of the complexes in PET, in contrast particularly to the case of 

Zn-coordinated ferrocene in triad Zn3-C60. In triad Zn4-C60 (Figure 1-3), triad H25-C60 and triad 

H26-C60 (Figure 1-4), the ferrocene units separated from the porphyrin ring by linkers of different 

lengths are appended at the 15th-position on the porphyrins. Two other ferrocene containing 
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triads, triad H27-C60 and triad Zn8-C60, containing ferrocene derivatives appended to the 

calix[4]arene rim (Figure 1-5) are also discussed.  



6 

 

 

Figure 1-3 Structures of complexes derived the parent bis-porphyrin (Zn1) either by ligation to the Zn (Zn2 and Zn3) or by substitution at the periphery (Zn4). PET results for 

triad Zn4-C60 are presented in Chapter 4; the PET behaviour of the other three complexes is described in Chapter 3. 
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Figure 1-4 PET in the freebase triads with ferrocene derivatives appended at one of the porphyrin meso-

positions, triad H25-C60 and triad H26-C60 are discussed in Chapter 4. Triad H29-C60 contains a different 

potential secondary donor unit, N-trityl, and its PET behaviour is discussed in Chapter 5. 
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Figure 1-5 PET in triad H27-C60 and triad Zn8-C60 with covalently attached ferrocene derivatives at the 

calix[4]-arene linker are discussed in Chapter 4. 

 

Chapter 5 is divided into two sections: the first describes fsTRA results of triad H29-C60 

(Figure 1-4), triad H210-C60 and triad H211-C60 (Figure 1-7). These three complexes show different 

strategies for achieving the same goal of increasing charge-separated state lifetimes. H29-C60 has 

electron rich N-trityl units, acting as secondary donors. H210 is a primer to H211, where 

coordination of a ruthenium porphyrin (Ru-P) forms a three-porphyrin complex. Comparison 

among the lifetimes of these three complexes with the previous ferrocene containing complexes 

will be discussed. The second section of Chapter 5 shows preliminary fsTRA results of porphyrin-

fullerene co-crystallates mixed with KBr. Three simple porphyrins (picket-fence porphyrin, 
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tetraphenylporphyrin, nBu-porphyrin) were used to form co-crystallates with C60. An explanation of 

the observed differences in the lifetimes of their charge-separated states based upon the details 

of crystal packing is proposed.  

 

Figure 1-6 Structures of the pyridyl linked bis-porphyrin H210 and Ru-P coordinated H211. The photophysics 

of both complexes bound with C60 is discussed in Chapter 5.  

 

 Finally in Chapter 6, a newly constructed, fibre-based nanosecond transient absorption 

system (nsTRA) will be presented. This system has a significant advantage over conventional 

flash photolysis instrumentation because the probe supercontinuum light is generated by a novel 

photonic crystal fibre (PCF) laser3. The new nsTRA system allows probing of excited state 

dynamics on the longer time scales, from a few ns to ms. The optical setup, electronics control, 

data processing and software will be discussed in detail. The system is also benchmarked by 

measuring transient spectra of tetratolylporphyrin (TTP), and Zn8 in the visible region. 
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1.1. History of Solar Energy in Brief 

The research described here is motivated by finding a viable alternative to burning things 

(petroleum, biomass) for energy. The demand for renewable energy is immense, as the supply of 

petroleum fuels (i.e. coal, natural gas) cannot cope with the growing world population and the 

increased energy appetite of populous nations like China and India4-5.  Maximum production of 

crude oil in the U.S. was predicted by Hubbert’s theory to peak in the early 1970’s and that 

proved to be accurate6.Once petroleum becomes scarce, critical issues on political instability and 

economics will rise on the global scale. There are also long term consequences such as the lack 

of precursors for production of plastics, a material that has revolutionized our daily lives7.  

Even if we had an endless supply of petroleum, we would be looking for a renewable, 

clean alternative. The negative impact of burning fossil fuels (or biomass) upon the environment 

is a major contemporary global concern. Global climate change is the single biggest challenge 

facing our society: as stated by President Barack Obama, “global warming is not just the greatest 

environmental challenge facing our planet — it is one of our greatest challenges of any kind”. 

Millions of tons of greenhouse gases are released each year causing the rise of the Earth’s 

temperature, projecting an increase of 1.1-6.4ºC by the end of the century8. The impact of global 

warming has already started to show: the rise of sea levels, Arctic and Antartic animal extinctions, 

and extreme weather changes. 

Actually, the search for alternative energy is not particularly novel, and the search for 

finding a reliable, renewable, and affordable energy source has a long history. The research to 

find a reliable and rewarding renewable energy source spans the fields of biology, chemistry, 

engineering and physics. We live in a world that is constantly in search of new and innovative 

ways to improve our lifestyle , thus we should be able to do the same with the global energy 

crisis. 

In fact, renewable energy was used as a primary energy source centuries before fossil 

fuels were discovered9. Among them, biomass and wind power are still being used today10-11. 

Most developing countries utilize hydropower and geothermal energy to generate electricity, as 

they are reliable in large scales and also economical12-13. Although these renewable energy 

sources have proven to work and have greatly reduced environmental pollution, they are still far 
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from desirable in terms of energy supply. Hydropower works best in windy conditions whereas the 

efficiency of biomass is fairly low, aside from the fact it also produces CO2.  

The discovery of solar radiation as a source of energy that could be harnessed 

transformed the scale on which we think of clean, renewable energy. In 1839, French scientist 

Alexandre-Edmond Becquerel discovered a way to harness solar energy when he made the first 

photovoltaic panel14-16. Subsequently, solar engines and solar farms began to emerge. However, 

this technology really only began to develop rapidly in the early 20th century when the materials 

and production costs for solar panels became less expensive.  

Solar energy has been, and is still, the most attractive potential source of energy. The sun 

is undeniably the most abundant renewable energy source for us, radiating an average of 14 

terawatts (TW) of power to the Earth every day17. The fact that this radiation is in the form of 

electromagnetic radiation opens countless opportunities to scientists who are searching for a way 

to capture this energy, convert it into useful forms, and store it for future use. To date, there are 

three main types of solar cells: monocrystalline silicon cells, thin-film solar cells, and organic solar 

cells. The complexes in this research would be used to develop new photosensitizers for organic 

based thin-film solar cells. A brief description of each of these classes is given below.  

 

1.2. Common Solar Cell Types 

1.2.1. Monocrystalline Silicon Cells 

The first silicon solar cell was reported in 1941 and is also the first solar technology to be 

commercialized18. Crystalline silicon (c-Si) modules currently dominate the solar energy 

landscape. They represent 85-90% of the current solar energy market and their efficiencies range 

from 20-26% per module19. Si modules possess the highest power conversion efficiency 20% with 

a manufacturing cost of US$0.92 W-1 in 201220. It is expected that this cost will drop to US$0.7 W-

1 and module efficiency increase to 22% as manufacturing technologies advance to a higher 

level21. Furthermore, Si photovoltaics (PV) typically have high stability with lifetimes guaranteed to 

25 years.  
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Figure 1-7 Structure of crystalline silicon solar cell. 

 

 The structure of a typical c-Si solar cell is shown in Figure 1-7. Light passes through the 

top transparent layers of the cell and are absorbed by the semiconductor. The antireflective 

coating prevents back reflection off the surface to increase absorption of photons. Silicon can be 

doped with different materials to create N-type (phosphorous) and P-type semiconductors 

(boron). Absorption of a photon creates electron-hole pairs which are spatially separated at the p-

n junction. A conductive back contact completes the circuit to create a flow of electrons, thus 

electrical current through the cell.  

The first modern silicon cell was made by Bell Labs and had a reported efficiency of 6%22. 

Ever since, researchers have worked to understand their underlying behaviour to design cells 

with better performance23. Rapid progress was made throughout the 20th century, when major 

improvements of various cell components were introduced. Among these were: (1) adding a 

textured surface on the silicon wafers to increase the light absorption efficiency, (2) depositing a 

thin layer of oxide on the metal contact to reduce charge recombination (CR) at the surface, and 

(3) introducing nitride-based antireflective coatings to the surface to increase the absorption of 

light24-25. A combination of these adjustments boosted the efficiency of crystalline silicon cells to a 

record of 25%26.  
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The achievements made in monocrystalline silicon solar cell technology have been 

rewarding for the last 50 years. However, the technology is running into a hard limit of obtaining 

higher efficiencies in wafer-based silicon PV. The theoretical efficiency limit – which is known as 

the Shockley-Queisser limit is 29%27. The efficiency is calculated as a function of the bandgap, 

based upon the blackbody radiation from the solar cell, radiative recombination, and spectrum 

losses. Furthermore, the manufacturing process for this technology is complex and expensive. 

For these reasons, research and development investment is moving away from monocrystalline 

silicon and into newer technologies such as thin-film and dye-sensitized solar cells. 

 

1.2.2. Thin Film Solar Cells 

Thin-film solar cells first emerged in the early 1970s, and was developed simultaneously 

in the U.S., Japan and Germany28. Initially, the materials used for thin-film solar cells were 

polycrystalline CdS and Cu2S which suffered from stability issues. In 1976, David Carlson and 

Christopher Wronski made the first amorphous silicon (a-Si) cell with 2.4% efficiency29. The 

different thin film PV are classified by the materials used: amorphous silicon modules of 8-14% 

efficiency at US$0.50 W-1, cadmium telluride (CdTe) modules of 10-12.5% efficiency at US$0.70 

W-1 and copper indium gallium selenide (CIGS) modules of 12-15% at US$0.50 W-130. A-Si is the 

most mature technology as a lot of what has been learned from c-Si PV is also relevant to this 

platform. The major advantage of a-Si is the relatively low cost of materials and production, 

compared to wafer-based silicon. However, the major drawback is that the lower quality and 

imperfect crystallization of a-Si decreases the module efficiency directly31-32. 

 

 

Figure 1-8 Structure of thin-film solar cell. Note its similarity to that of the c-Si cell in Figure 1-7. 
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Thin-film solar cells made by depositing layers of materials on a substrate have a device 

thickness ranging from 1-3 μm (Figure 1-8). The layered construction is extremely similar to c-Si 

cells using P- and N- doped semiconductors, therefore it reserves the same operating principle. 

The only difference in thin-film solar cells compared to c-Si cells is the thin and flexible pairing of 

various semiconductor materials. Note that Si is an indirect bandgap semiconductor, whereas 

thin-film technologies are direct bandgap.  

One of the biggest challenges for thin-film solar cell research is finding new 

semiconductor materials that exhibit suitable bandgaps for ensuring high efficiency in the 

collection of charge carriers. A wide variety of inorganic materials have been tested, including 

GaAs, Cu2O, Cu2S, Cu2ZnSnS4, CdTe, and Cu(InGa)Se2
33-38. Among them, CdTe and CIGS were 

the most effective new photovoltaic materials, reaching a record of 20% efficiency obtained under 

laboratory conditions39. 

An area of growing interest lies in more complicated multibandgap, multijunction, thin-film 

cells. These are capable of exhibiting a theoretically high efficiency of greater than 40% 40. 

Multijunction cells typically utilize a wide range of materials to cover light absorption across the 

solar spectrum, thus increasing overall efficiency by collecting photons at different wavelengths. 

The area of thin-film solar cells is still advancing steadily because of the recent promising results 

of energy conversion efficiency. There appears to be a wide variety of existing semiconductor 

materials that may be exploited and improved to further increase the performance of thin-film 

solar cells.   
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1.2.3. Organic Solar Cells 

 

Figure 1-9 Structure of organic solar cell (bulk heterojunction by mixture), one the simplest construction of 

the types of solar cell discussed in the text. 

 

Another promising approach to harnessing solar energies is organic solar cells (Figure 

1-9), one of the latest additions to solar technology41-43. Instead of adopting expensive 

semiconductor materials as light absorber and charge carriers, organic solar cells use cheap, 

easy-to-synthesize conducting polymers. In this type of cell, the organic polymer is sandwiched 

between two electrodes: one conducting optically transparent layer of ITO (indium tin oxide) and a 

metal electrode. Unlike semiconductor cells that excite electrons from the valence band to the 

conduction band, photoexcitation leads to exciton formation in organic polymers. Charges are 

then transported by hopping between localized sites44.  

Initially, organic solar cells were made with a single component, and were found to have 

very low 0.5% efficiency45. Later, it was discovered that heterojunction cells with separate donor 

and acceptor materials promote exciton dissociation and increasing efficiency46. Exciton 

dissociation occurs mostly at the interface between the donor and acceptor layer. To encourage 

this process, bulk heterojunction cells were introduced where the donor and acceptor polymers 

were blended together47-51. The extensively studied blends of polymers include P3HT and 

functionalized-C60 PCBM, and these have shown efficiencies of  >7%52. With the current power 

conversion efficiency, it is clear that this technology has not reached maturity for wide-spread 

commercialisation. Nonetheless, organic solar cells show huge potential as a widespread solar 
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energy harvesting technology in the future. Considering that they can be cheap, lightweight and 

flexible, it is possible that their efficiency may not need to be so high for them to be widely useful. 

 

1.2.4. Perovskite Solar Cells 

The hottest trend in solar cell technology is indubitably perovskite solar cells (PSC)53-54. 

The first organic-inorganic hybrid perovskite was synthesized by Dieter Weber with the general 

formula ABX3 (Figure 1-10a)55. The most common perovskite is the methylammonium lead iodide 

(CH3NH3PbI3), but B can also be replaced with Sn (II) and X can be either Cl or Br.  

 Hybrid perovskites have attractive optoelectronic and semiconductor properties, making 

them useful for designing field effect transistors, LEDs and lasers56-57. Application of perovskites 

in PV was only discovered by researchers working on solid state dye-sensitized solar cells 

(DSSC) in the last decade58-61. Figure 1-10b shows the general PSC device structure, resembling 

the architecture of a thin-film cell, in particular DSSC. Perovskites have higher and broader 

absorption coefficients in the visible range, making them more superior than conventional Ru-

dyes as photosensitizers59. The operating principle of PSC is not fully understood, although 

several studies have shown that perovskite not only functions as a light absorber for electron 

injection into a semiconductor, but is also an electron hole carrier62-64. The electron and hole 

diffusion lengths in perovskites are long and balanced, an ideal property for longer charge 

recombination in solar cells. 

 In 2006, Miyasaka and co-workers reported the first CH3NH3PbBr3 as a sensitizer in 

DSSC with an efficiency of 2.2%65. Slight improvement of 3.8% efficiency was achieved by 

replacing bromine with iodine-increasing the bandgap of the semiconductor58.Subsequent 

improvements in the active material morphology were made to reach 15% efficiency66. Among 

them, Grӓtzel’s group introduced a scaffold of TiO2 which is infiltrated with the CH3NH3PbI3 

solution to give controlled nanostructures67. In contrast, Snaith’s group designed a planar layer of 

mixed halides perovskites CH3NH3PbI3-xBrx, resembling a simple thin-film cell68. Although with 

vastly different device architectures, both methods give PSCs with comparable efficiency. 
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Currently, the highest confirmed efficiency of PSC stands at 20.1% in laboratory 

conditions19. The rapid rise of PSC efficiency over the last 5 years shows a promising outlook for 

commercialization, with the added advantage of relatively cheap materials and low manufacturing 

costs69. Prior to that however, the two biggest issues with PSC – stability70 and toxicity71, need to 

be addressed.   

  

 

Figure 1-10 a) Perovskite crystal structure, with general formula of ABX3. A is usually the methyammonium 

cation, B is Pb(II) or Sn(II) and X is a halide anion (I, Br, or Cl). b) Structure of a general hybrid perovskite 

solar cell, including two optional layers which reported 15% efficiency.  Reprint with permission66. Copyright 

2014 Nature Photonics.  
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1.3. DSSC – Principle of Operation 

The solar energy technology at the heart of this thesis research is the DSSC. DSSC 

technology is usually classified under thin-film cells, although in our case we use organic 

molecular electron donors and acceptors. The Grätzel cell is the modern form of DSSC; and it 

was co-invented by Brian O’Regan and Michael Grätzel in the Berkeley Lab. The overall high 

efficiency of this new cell was published in 1991at 7.1-7.9% under simulated solar light72. The 

current record of DSSC stands at 11.4% efficiency73. Grätzel cells have been commercialized, 

though they have a relatively small impact so far – they contribute about 1% of the total global PV 

market74.   

The emerging technology of DSSC captures the attention of the renewable energy sector 

for several reasons. One significant benefit is that the raw materials needed for making a DSSC 

including titania, glass, dyes, and iodine are easily attainable and abundant75-76. To commercialize 

DSSC, an estimate cost for a 10% efficient module would be US$0.20 - 0.30 W-1. Manufacturing 

such cheap modules is believed to be possible, but challenging. Alternatively, if DSSC module 

efficiency could reach more than 14%, the ultralow-cost constraints would be relaxed77. 

 The manufacturing process of DSSC technology is much simpler than those needed for 

c-Si and thin-film solar cells74. DSSC manufacturing uses roll-to-roll processing without vacuum or 

high temperatures. Flexible and lightweight modules can be constructed using DSSC technology 

by using plastic materials or metal foils. This adds a significant advantage to DSSC for use in a 

much wider area of applications beyond, for example, static roof-top solar cells.   

A simple DSSC consists of three main components: the electrodes, a photosensitizer, 

and an electrolyte (Figure 1-11). In the example below, a glass plate coated with a transparent 

electrode and a porous layer of semiconductor acts as the conductive anode. Typically, this 

material only absorbs ultraviolet (UV) light. However, the porous semiconductor layer has a high 

surface area that can be coated with a photosensitive dye which extends the region of the 

spectrum that is absorbed. This photosensitive dye typically has a wide absorption spectrum, and 

can result in ~100% light harvesting efficiency in the visible region. To complete the circuit, the 

cell is covered with an electrolyte and a cathode made of platinum. 
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Figure 1-11 DSSC structure and operation. Dye molecules are illustrated with small red dots. 

Light passes through the transparent electrode and gets absorbed by the dye molecules, 

promoting them to a higher energy state. The photoexcited dye emits an electron that is injected 

into the conduction band of the semiconductor. Meanwhile, the cationic dye molecule returns to 

the neutral ground state by oxidizing the electrolyte. This reaction occurs at a much faster rate 

than recombination of the injected electron with the cationic excited dye, thus preventing short-

circuiting of the solar cell. The oxidized electrolyte picks up an electron at the counter-electrode, 

and the circuit is complete.  

TiO2 is typically chosen as the porous semiconductor for several reasons: it is non-toxic, 

widely available, biocompatible, and relatively low-cost21. Historically, the most common dye used 

as a sensitizer is tris(2,2’-bipyridyl-4,4’-carboxylate) ruthenium(II); the carboxylate groups function 

as the attachment onto the semiconductor oxide surface78. The ruthenium-based dye is 

associated with some of the highest efficiency achieved in DSSC, and is still widely used today79. 

For regeneration of the charged dye molecules, the redox couple used is iodine/triiodide.  

The performance of a photovoltaic device has been expressed by Fonash as80: 
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energy conversion efficiency x lifetime

true cost
  

In order for DSSC to compete with current solar market technologies, improvements on the three 

variables in Fonash’s figure of merit must be accomplished. Some of the critical issues and their 

potential solutions to date include: 

1) The use of liquid electrolyte leads to major stability issues due to leakage and 

evaporation from the cell81-82. Further, the iodine/triiodide solution is corrosive and 

dissolves sealants and metal interconnects (Ag, Cu, Al, Au)83.  

 One solution would be to use a solid-state p-type semiconductor60, 84-85. However, it 

has been challenging so far to find one that has a suitable band gap and band 

position.  

 The iodine electrolyte could be replaced by polymer gel electrolyte. Several examples 

of using ionic liquid polymers demonstrated stability and flexibility in the cells while 

maintaining energy conversion efficiency86-87.   

 Organic electrolytes such as Co2+/Co3+, ferrocene Fc/ Fc+, copper I/II have recently 

been shown as promising substitutes88-90. Not only they are less corrosive, these 

redox couples can achieve higher Voc. However, such complexes have higher 

recombination rates and poor efficiencies.  

2) The diffusion of electrons through semiconductor TiO2 or ZnO is a slow process 

particularly at longer wavelengths, which limits device efficiency75. Currently, there are a 

few approaches to rapidly direct charge carriers so that they travel from the excited dye to 

the photoanode to prevent CR and reduce the energy loss in the network. 

 Tiwari and Snure have fabricated nano-plant-like ZnO electrodes that are 

interconnected to increase the rate of carrier collection throughout the device91.  

 Carbon nanotubes have been shown to provide uninterrupted pathways for 

charge carriers, thereby increasing the efficiency78.  

3) The narrow absorption band (typically Δλ~350nm) of many Ru-based dyes can limit the 

amount of light absorbed in the solar cell. Energy gaps of the dyes needed to be reduced 

in order to extend the spectral range into near-IR wavelengths so that more light can be 

absorbed.   
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 Co-sensitization is one very good strategy for extending the absorption of light 

more broadly into the visible and near-IR92.  

 High molar extinction coefficient sensitizers are particularly sought after for 

increased light absorption efficiency. In recent years, the design of complexes 

called ‘supersensitizers’ have exhibited performance that is superior to the 

standard Ru dyes93. Supersensitizers have two useful properties: a high molar 

extinction coefficient, and long alkyl chains that are hydrophobic to shield TiO2 

surfaces from the redox couple.  

 The design of energy relay dyes (ERDs) that absorb longer wavelength radiation 

has also shown much promise. ERDs transfer energy via a Fӧrster mechanism to 

the photosensitizer dyes. They increase the efficiency of light collection but do 

not participate directly in the ET process94.   

 

Over the past decade, customizing individual components of DSSCs has not resulted in a 

major breakthrough in increased performance for this promising technology95-96. Optimizing 

multiple components at once would seem like the next worthwhile step towards creating a major 

improvement in DSSC. Perhaps by finding the right combination of dyes and redox couples to 

meet the kinetic and energetic requirements, the overall performance of the DSSC can be 

improved. At this point, a fundamental understanding of the physics of device operation and the 

materials used in its construction is vital and extremely beneficial.  

 The bis-porphyrin fullerene complexes studied in this research are potential dyes for 

DSSC. Absorption bands of porphyrin and fullerene span a greater range from UV to near-IR, 

thus increasing the overall absorption of light. Rare earth metals are not used in making these 

complexes, resulting in cheaper starting materials. The other major advantage of porphyrin and 

fullerene compared to ruthenium-based dyes is their flexibility of undergoing chemical 

modifications. Synthetically, they can be tailored more easily and with more modifications to 

achieve desired properties.  

The research in this thesis reports collaborative effort between inorganic and physical 

chemists. The project focuses upon the first two steps in the aforementioned three-step process 

(capture, convert, and store) of solar energy harvesting – that is to understand how photonic 
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energy can be captured and converted efficiently into a metastable species in which opposite 

charges are spatially separated from one another. Biology does this extremely well in 

photosynthesis, with a quantum efficiency of near 1 in some cases97-98. Our research is motivated 

by biology, but exploits the behaviour of fullerenes and porphyrins to achieve harvesting and 

conversion.   

 

1.4. Biomimetic Systems for Artificial Photosynthesis 

The great inspiration of direct solar energy conversion into fuel comes from nature. Plants 

and photosynthetic bacteria are capable of performing photosynthesis to generate their own fuel 

efficiently. These organisms have complex molecular systems with light collecting antennas to 

absorb sunlight, and a sequence of enzymes that use ET processes to create a long-lived charge 

separated state.  

 The simplest photosystem that has been heavily-studied is that of the purple bacteria. 

There are several reasons why purple bacteria are an excellent model for investigating the basic 

mechanism of photosynthesis: it does not involve water oxidation and so avoids complicated 

steps, it is genetically accessible, and it has relatively simple photosynthetic components99-101. 

The photosynthetic unit (PSU) of purple bacteria consists of a light harvesting complex 

surrounding a reaction centre. Absorption of light happens at the antenna complexes with two 

pigments: bacteriochlorophylls (Bchl) and carotenoids. Excited energy from these pigments is 

transferred to the Bchl dimer (“special pair”) at the reaction centre, generating a single excited 

state of (1(Bchl) 2
*) which lasts for approximately 3 ps. Next, ET from 1(Bchl) 2

* occurs to form the 

charge-separated (Bchl2).+Bphe.- . Subsequent charge shifts to quinone acceptors yield 

(Bchl2).+QA
.-  and (Bchl2).+QB

.. The sequential ET is coupled to translocation of protons across the 

membrane, generating a proton motive force that is eventually used to drive synthesis of ATP. A 

summary of the processes in the light harvesting unit and the reaction centre can be found in 

Figure 1-12.  

To date, numerous articles on biological photosystems have been published, all with the 

aim to improve fundamental understanding of effective solar energy conversion in nature. For the 

more complicated oxygenic photosynthesis that is not covered here (plants and cyanobacteria), 
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their molecular structures in photosystems I and II have been solved in the recent decade102-103. 

The ultimate goal of biomimetic solar energy harvesting research is to replicate the first 

photosynthetic step where unity quantum yield is achieved.  

 

 

Figure 1-12 A simplified schematic of the photosynthetic processes of purple bacteria. The ET rates are 

depicted along the steps.  

 

The idea of artificial photosynthesis is straightforward – to use simple molecules and 

manipulate their chemistry to harvest solar energy. To design valuable and efficient artificial 

systems, the selection of suitable complexes is crucial. Prior to selection and design of these 

molecules, we need to understand thoroughly the basic requirements of photochemical reactions. 

The light-absorbing part of the complex needs to efficiently absorb light over a wide spectral 

bandwidth, across the visible and near-IR where the majority of photons are emitted. Also, 

absorption of solar energy should not produce any side reactions leading to irreversible 

degradation of the reactants. The ideal reaction pathway would be photoexcitation of the donor 

followed by ET to the adjacent acceptor with a near unity quantum yield. High quantum yields are 

achieved when the forward ET steps are fast and efficient and the reverse ET steps are slow.  

One of the main approaches for designing artificial systems is to incorporate a cascade of 

electron processes to prevent CR. The greater the distance between the charges, the slower the 

CR is expected to be. However, the disadvantage of a multistep process is obvious – energy is 

lost at each subsequent ET step so the overall process can become quite inefficient. This 

disadvantage can be compensated for by the gain in prolonged lifetimes because of weakened 



 
24 

 

electronic coupling by the charge separated radical pair. In a multistep process, at least 3 

components are required. In the literature, the design of a new type of complex system often 

starts with a donor and acceptor (two component systems) to understand the basic ET steps104-

108. Then, the distance between them and the coupling strength are altered by the addition of 

linkers and other substituents. 

One of the earliest examples of artificial molecular systems dates back to 1976, in which 

chlorophyll dimers with similar photochemical properties to P700 chlorophyll a were 

synthesized109. Subsequently, combinations of carotenoids, porphyrins and chlorophylls as 

donors paired up with quinones as acceptors demonstrated long-lived photoinduced charge 

separated states lasting for microseconds (μs) 106, 108, 110-112. An example of this was reported by 

Sakata, Mataga et al. in a three-component system that consisted of a porphyrin (1S*) and two 

quinones (S-A-A)113. The porphyrin singlet excited state created during the absorption step 

undergoes ET to the first quinone A1; then the A1 anion donates to A2
 . This can be written S.+-A1

.--

A2 then S.+-A1
 –A2

.-.  

 Gust, Moore et al. reported a similar donor-spacer-acceptor (D-S-A) system with 

carotenoid-pophyrin-quinone105. A two-step ET produced the final charge separated state of D.+-

S-A.-. Carotenoids are often linked to the primary electron donor to increase light absorption over 

a broader spectral bandwidth110-112. Another common electron donor is the closely related 

pthalocyanines114-116. In addition to their large absorption cross sections, tetrapyrroles also offer 

several structural modification sites that can be used to improve their photophysical and 

photochemical properties117.  

In the early development of synthetic solar energy harvesting systems, the molecules 

were linked in linear polymeric chains104-106, 118-119. This means the energy migration from donor to 

acceptors was directional. Such a process can be inhibited by solvents, temperature, or 

rearrangement of pendant groups. This problem was resolved by new architecture designs with 

dendritic systems or spherical, wheel-like systems120-122. These supramolecular systems formed a 

multidirectional pathway for energy transfer, and typically channel the electrons from the 

surrounding donors to a core acceptor.  

Artificial photosynthetic antennas were prepared to help absorb sunlight more effectively 

over a broader wavelength in reaction centres107, 115, 117, 120-121, 123-124. Suitable antennas such as 
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arrays of porphyrins, pyrroles, and chromophores have been prepared and tested for extended 

visible wavelength absorption107, 123, 125. In biomimetic systems, it is crucial that these molecules 

undergo rapid energy transfer among themselves then to the reaction centre, and not interfere 

with the process that occurs at the reaction centre. Giant multiporphyrin arrays that create tetrads, 

pentads, hexads and up to heptads of carotenoids, porphyrins, and fullerenes have been 

synthesized for this purpose124, 126-127. The porphyrin macromolecules were attached to form a 

rigid framework to promote ET intramolecularly and fill in the absorption where the centre moiety 

has small extinction coefficient.  

 

1.5. Marcus Theory of ET 

To understand the efficiency of ET between photoexcited donor and acceptor molecules, 

the relationship between rate of ET and the parameters that affect it will need to be considered. 

Rudolph A. Marcus first described the rate of ET in a simple system consisting of a donor and an 

acceptor by assuming that their potential energy surfaces could be approximated by simple 

harmonic functions128 (Figure 1-13). He evaluated the crossing point between the curves as the 

activation energy (ΔG‡) of the ET step, and thereby connected the thermodynamics and kinetics 

of this important process. The rate of ET can be written in relation to the reorganization energy (λ) 

and Gibbs free energy (ΔGº). There are two possible processes for ET to occur: adiabatic or non-

adiabatic129. In adiabatic reactions, no quantum jump or heat exchange with the environment 

occurs in the system. Equation 1.1 and Figure 1-13 show the Marcus theory rate expression for 

non-adiabatic reactions, the only type that will be discussed in this thesis. 
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Where h is the Planck’s constant, kB is the Botzmann’s constant, T is the absolute temperature, 

ΔGº is the Gibbs free energy change, V is the electronic coupling constant between the donor and 

acceptor, and λ is the reorganization energy. 

In non-adiabatic reactions, the Fermi Golden rule can be applied to calculate the rate of 

ET130, in which Equation 1.1 can be broken down as: 
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Where H’AB is the electronic coupling matrix and FCWD is the Frank-Condon weighted density of 

states. The electronic coupling matrix is dependent on the distance between electron donor and 

acceptor, expressed by: 

    
2

exp( )ABH R        (1.3) 

The term β is the decay or attenuation coefficient. It reflects the ease by which electrons can pass 

through different materials in different environments131.  is a parameter that is difficult to 

measure accurately. It is typically around 1.0; in small covalently bound molecules, β is 0.7 Å-1 

and it decreases with increasing conjugation; whereas   is 1.4 Å-1 in proteins132. R is the edge-to-

edge distance between the electron donor and acceptor. The rate of ET is highly dependent on 

the electronic coupling term (kET α 
2

ABH ), directly relating to R. Therefore, varying the distance 

between donor and acceptor molecules correspondingly affects the rate of ET133. Note that both 


2

ABH  and 
2V  refer to the electronic coupling. 

 The FCWD in Equation 1.2 relates to the exponential term in Equation 1.1, describing the 

overlapping nuclear distortions of the donor and acceptor along the ET reaction coordinate. 

Factors that affect this term include reorganization energy, temperature, and Gibbs free energy 

change. 
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Reorganization energy (λ) is the amount of energy required to rearrange the nuclei 

configurations for both the donor and acceptor so that they match134. This is a composite 

parameter which is always positive, where λ = λs+ λi, referring to solvent reorganization energy 

(λs) and vibrational reorganization energy (λi)135. Reorganization energies are dependent on 

molecular structures and the environment of the donor and acceptor molecules136-137.  
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Figure 1-13 Potential surface energy curves of donor and acceptor molecules in the normal Marcus region 

ΔGº< λ (top), barrierless region ΔGº= λ (middle), and inverted region ΔGº> λ (bottom). 
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Examination of equation 1.4 reveals that there are three regimes for the rate of ET 

depending upon the relative positions of the potential energy surfaces of the donor and acceptor 

Figure 1-13.  

Normal region ΔG° < λ  

 The rate constant increases as ΔG° increases or as λ decreases.  

Barrierlesss region ΔG° = λ  

 kET is at its maximum when the driving force of the reaction is equal to the 

reorganization energy.  

Inverted region ΔG° > λ 

 The complete opposite of the normal region, where kET decreases as ΔG° increases 

or as λ decreases.  

 

For photoinduced ET reactions, the different regimes of the Marcus theory are often used 

to describe charge separation (CS) and CR processes138-140. In general, for ideal electron donor-

acceptor (D-A) systems, CS occurs in the normal region while CR occurs in the inverted region. 

This gives a quick forward and slow backward ET process that may yield a long-lived charge-

separated state. In the inverted region, CR rate is slowed since the driving force (ΔGET°) of ET is 

larger than λ. An increase of driving force also increases the solvent reorganization energy λs, 

which drives the CS process138. It is important that the CR process occurs in the Marcus inverted 

region where the driving force is large, to prevent back ET141.  

 

1.6. Porphyrins as PET Donors and Fullerenes as Electron 

Acceptors 

1.6.1. Porphyrins  

In the previous section, common examples of electron donor and acceptor molecules 

were introduced. One of the globally important class of electron donor chromophores, and the 
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focus of this thesis, is porphyrins. Porphyrins are present in natural photosynthetic systems, and 

also widely employed in artificial systems142-147. They are favoured for several reasons, but 

particularly for their broad absorption in the UV-Vis region that significantly overlaps the solar 

spectrum and is amenable to alteration through substitution at the porphyrin’s 12 peripheral 

sites148. There are also limitations on porphyrins as sensitizers; one of the most challenging 

drawback is their synthetic complexity.  

 Porphyrins consist of four modified pyrrole subunits linked through their α-carbons 

(Figure 1-14). Their highly conjugated π-electron system gives rise to the intense colour of 

porphyrin pigments. The centre of the porphyrin can chelate a metal ion to its four nitrogens. Side 

chains can also be substituted at the twelve peripheral sites.  

 

 

Figure 1-14 Chemical structure of a non-substituted porphyrin core, showing four pyrrole rings joined 

together at their α-carbons.  

 

The absorption spectrum is sensitive to the details of the molecular structure149-150.In 

ground state UV-Vis absorption measurements, porphyrins display an intense Soret band (B 

band) centred at 380-450 nm with a molar extinction coefficient of approximately 105 M-1cm-1 and 

a set of four weaker Q bands in the 500-750 nm range with a molar extinction coefficient of 

approximately 104 M-1cm-1.  According to the Gouterman four-orbital theory150, these bands arise 

from the two HOMOs and two LUMOs with π* ← π transitions (Figure 1-15). The HOMOs are 

made up of a1u and a2u orbitals, while the LUMOs are degenerate orbitals of eg symmetry. The 

degenerate energy level splits into two due to orbital mixing, creating one with higher oscillator 

strength. Transition of the HOMOs to the higher energy LUMO gives rise to the intense Soret 

band (S2 ← S0), while the lower energy transition gives the Q bands (S1 ← S0). Substitutions 

around the rings and metal centre affect these energy levels, subsequently causing the variability 

observed in the electronic absorption spectra of these systems. These special spectroscopic 
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properties of porphyrins provide advantages in recognizing guest-binding processes through 

spectroscopic methods such as UV-Vis absorption, fluorescence spectroscopy, and NMR. 

Porphyrins are also a class of highly fluorescent compounds and two strong emission bands can 

be observed at wavelengths greater than Qx (0,0), for some porphyrins151.  

 

 

Figure 1-15 Orbital drawings of porphyrin HOMOs and LUMOs with their energy levels. 

 

The excited state dynamics of various porphyrins have been studied in detail using 

spectroscopic techniques such as time-resolved spectroscopy152-155. It is often a challenging task 

to assign the excited states’ spectral information to the corresponding transition states since 

porphyrins have multiple overlapping peaks. However, the amount of valuable information that 

can be extracted on such complicated systems is extremely beneficial to understanding their 

fundamental behaviour. Overall, porphyrins make highly desirable chromophores as electron 

donors, owing to their excellent light absorbing characteristics and the ease of tailoring their 

structural and chemical properties. 

 

1.6.2. Fullerene C60, C70 

Quinone has been used as the main electron acceptor employed by artificial 

photosynthesis scientists for decades and it is present as an acceptor in most natural 

photosynthetic systems118. However, the discovery of fullerene C60 in the 1990s156, gave chemists 
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a more highly favoured acceptor. Fullerene has all the properties of natural electron acceptors, 

and several advantages over quinones126.  

Fullerene C60 is a rigid carbon sphere of 60 carbon atoms arranged in pentagonal and 

hexagonal rings. It has very high (Ih) symmetry. Fullerenes are sometimes called buckyballs, as 

they resemble a typical black and white soccer ball. The name also pays tribute to Buckminster 

Fuller, an architect who made geodesic domes that the fullerenes resemble. They behave like 

electron-deficient alkenes, which allow them to react readily with electron-rich molecules. The 

electronic configuration of C60 consists of a five-fold degenerate HOMO (hu) while the LUMO (t1u) 

is triply degenerate157. C60 can be functionalized158-159 and readily binds to neighbouring 

molecules. Fullerene exhibits strong electronic absorption across the UV160 with a molar extinction 

coefficient of ~105 M-1cm-1, and a much weaker absorption at 540 nm with a molar extinction 

coefficient of 710 M-1cm-1. Fluorescence has been detected from C60 at 720 nm with low quantum 

yield161. The weak absorption and emission of C60 is due to its high degree of symmetry, resulting 

in a forbidden energy transition in the lowest energy level (HOMO-LUMO). In the crystal form and 

non-polar solvents, C60 shows a deep purple colour162. Fullerene has an extended absorption 

spectrum through the visible region and is able to act as an excited state electron acceptor. It can 

also undergo intersystem crossing (ISC) to the triplet state, with a quantum yield of ~1. Although 

quinones and fullerene have similar first reduction potentials, fullerene has much lower singlet 

and triplet excited state energy levels (< 2 eV)161 that can more readily act as energy and electron 

acceptors. 

 Higher order fullerenes (C70, C72, C76, C78, C84 etc.) also can be formed. The more common 

among them is the rugby ball-shaped C70 with D5h symmetry. C60 and C70 have similar redox 

properties; they each can accept up to six electrons in reversible one-electron reduction steps. 

The absorption spectrum of C70 is slightly red-shifted and stronger to that of C60 due to its lower 

symmetry relaxing of the forbidden S0 → S1
* transition163. C70 dissolves in non-polar solvents to 

give an orange-red colour161. 

 C60 and C70 are the two most abundant species among fullerene allotropes and therefore 

the most investigated. They are often functionalized to increase solubility, coordination with other 

complexes, and to tune their electronic properties for different application purposes161, 164. 

Functionalized fullerenes can either be endohedral (inside the cage) or exohedral (outside the 
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cage). In photosynthetic models, significant effort has been directed towards exploiting the ease 

of reducing C60 as electron acceptors165-166.  

The properties of fullerene have been comprehensively studied and reported in numerous 

reviews167-169. It is well known to have a low reorganization energy, excellent for ET processes. 

Fullerene molecular systems form rapid photoinduced charge separated states, but with very slow 

CR rates due to this low reorganization energy141, 170. The singlet state of fullerene can deactivate 

to the ground state via fluorescence, but the main deactivation pathway is through ISC to the low 

lying triplet state168, 170. It has a low-lying first excited singlet state at 2.0 eV (Figure 1-16). This 

value is lower than that of conventional molecular acceptors (> 2.0eV), and is convenient in 

multistep electron pathways166.  

Excitation of fullerene C60 from the ground state (~350 nm) to the S1 shows a transient 

peak at 920 nm with 1.3 ns lifetime in toluene171. This is then followed by efficient ISC to the triplet 

state with 100% quantum yield. The triplet peaks appear at 330 and 750 nm with lifetimes of 50-

100 μs. This is relatively short for a triplet state compared to other aromatic hydrocarbons, due to 

ground state quenching and triplet-triplet annihilation processes. When coupled to an electron 

donor such as porphyrin, bimolecular ET forms the radical ion pair. The characteristic peak of 

C60
.-  (ϵ = 19000 LM-1cm-1) appears in the near-IR around 1080 nm, providing sensitive detection 

for transient absorption experiments. 

 

 

Figure 1-16 Photophysical processes with the corresponding energy levels of C60.  
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1.6.3. Examples of Porphyrin-fullerene Systems – Dyads, Triads, and More 

Porphyrin-fullerene linked D-A systems have been around for a few decades. The D-A 

molecules can be covalently tethered or self-assembled via coordination. The former is a more 

popular synthetic choice to construct polyads (triads, tetrads, pentads, etc.)111, 119, 172-173.  

Experimentally, an unexpectedly close physical interaction occurs between porphyrins and 

fullerenes in solution174. Fullerene is naturally attracted to the porphyrin macrocycle, where the 

molecule is electron deficient. Various combinations of these complexes have been synthesized, 

from dyads to heptads, along with various metal complexations and peripheral substitutions on 

the porphyrin; all these were designed and synthesized for one purpose – that is to optimize the 

electron transfer process resulting in a long-lived state with high quantum yield111, 173. 

Most of the literature on ET of covalently bound porphyrin-fullerene systems included 

publications by Gust, Guldi, Imahori, and Fukuzumi119, 175-177. In general, porphyrin-fullerene 

complexes undergo photoinduced ET to generate charge-separated species with a porphyrin 

radical cation (P.+) and a fullerene radical anion (C60
.-). The porphyrin cation absorbs in the 600-

750 nm range and the fulleride has a distinguishable absorption peak from 950-1100 nm. The 

radical ions eventually decay either via geminate or non-geminate recombination. To extract the 

kinetics of the CR process, it is much less complicated to use the relatively spectrally isolated 

fulleride absorption signal in the near-IR.  

An example of a dyad (two-component) system investigated by Gust, Reed, and Boyd et 

al. is shown in Figure 1-17177. In the dyad, the porphyrin Soret band is at 420 nm and subsequent 

Q-bands from 520 to 650 nm, and the fullerene anion absorbs at 1000 nm. The absorption bands 

of the porphyrin were slightly broadened relative to the isolated porphyrin compound, indicating a 

weak electronic interaction with the fullerene. Photophysical studies were conducted for the dyad 

in both non-polar (toluene) and polar (benzonitrile) solvents. In toluene, the porphyrin singlet state 

is quenched by singlet-singlet energy transfer to C60 because of the low lying first excited state of 

C60.  The singlet C60 undergoes ISC to the triplet state before decaying to the ground state. The 

dyads did not undergo photoinduced ET because of thermodynamic reasons. Energy transfer is 

more energetically favoured over ET. In benzonitrile on the other hand, rapid photoinduced 

electron transfer occurred over energy transfer to form P.+ C60
.- with lifetimes of 290 ps for the free-

based dyad and 50 ps for the Zn dyad.  
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Figure 1-17 Structure of porphyrin-fullerene dyad investigated by Gust, Reed, and Boyd et al. and its energy 

diagram. Adapted with permission177. Copyright 1996 ACS. 

 

Following the studies of porphyrin-fullerene dyads demonstrating relatively long lifetimes 

and high yield, a new complex (Figure 1-18) that included ferrocene as a secondary electron 

donor was designed for multistep ET138. Spectral features of the porphyrin donor and fullerene 

acceptor in the triad resembled those of the parent dyad. Nanosecond photolysis of the triad 

showed a transient absorption band at 1000 nm, indicating formation of C60
.-. However, no 

transient bands were observed at 650nm for PZn
.+. This result indicated a fast secondary ET to 

form Fc.+-ZnP- C60
.-. The Zn triad produced long-lived charge-separated states (7.5 μs in 

benzonitrile and 16 μs in DMF) with a quantum yield of near unity. 
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Figure 1-18 Structure of Fc-P-C60 triad studied by Imahori et al.. The Zn triad showed charge-separated state 

lifetimes of 7.5 μs in benzonitrile and 16 μs in DMF with a quantum yield of near unity. Reprinted with 

permission138. Copyright 2001 ACS. 

 

Other fullerene triads with carotenoids as the secondary electron donor have been 

studied106, 126, 178. Similarly, photoinduced ET forms a singlet excited state of C-1P-C60 which in 

turn performed ET to create the radical ion pair C-P.+-C60
.-. A rapid charge shift would lead to the 

final charge separated state of C.+-P-C60
.- with a near unity quantum yield. This state possessed a 

long lifetime (57 ns with 0.95 quantum yield) before decaying to its triplet state instead of the 

ground state. Calculations of rates and energies showed agreement with experimental results that 

the CR of such triads lies in the inverted Marcus region where driving force is increased, leading 

to longer lifetimes. 

In these multicomponent systems of donor and acceptor molecules, the ET process is 

constantly in competition with energy transfer. In order to extract energy from a chemical system, 

the molecules have to form opposing charges instead of dissipating the energy back to the 

ground state. Several factors play important roles in determining which process the molecular 

system chooses to undergo after excitation. In particular, polarity of solvents may drive ET 

process leading to CS in porphyrin-fullerene systems. 

Characteristics of porphyrin-fullerene complexes were investigated when dissolved in 

different solvent polarities179. The interaction strength is increased when the complex is in more 

polar solvents. Since both the complexes are hydrophobic, in more polar solvents they tend to 

aggregate to minimize the interaction with the solvent. The charge-separated state decays to 

different energy levels in different solvents. In a non-polar solvent such as benzene, the charge-
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separated state decays to singlet C60 which then undergoes ISC to triplet C60. The P.+C60
.- state 

has a higher energy than that of singlet C60 because the charge-separated state is destabilized in 

non-polar solvent. In a slightly polar solvent, the P.+C60
.- energy lies between C60 singlet and triplet 

states. Hence, CS can occur via P-1C60
* or 1*P-C60 and decays to 3C60

* which is a process common 

in natural photosynthetic systems. In very polar solvents (e.g. THF, benzonitrile, DMF), the charge 

separated state energy level is lower than porphyrin and 3C60
* resulting in all the recombination to 

the ground state.  

The covalent linkage between the porphyrin and C60 is also an important factor in the ET 

behaviour of the complex. The way the molecules bind affects the electronic coupling, and 

therefore in some favourable conformation, one can achieve a desirable ET process and restrict 

the rate of undesirable decay pathways. The rotation of the D-A bonds can be used to control this 

effect. Gust et al. prepared a conformationally constrained diporphyrin C60 macrocycle where 

rotation is highly restricted within the P-C60 linkage180. This triad showed a fast 1.1 ps PET to form 

P.+-C60
.--P which then decayed to the ground state relatively slowly (2.7 ns) and with unity 

quantum yield. The rigid structure forced the two porphyrins to face towards C60 and reduced the 

interaction with surrounding solvent, therefore decreasing the solvent reorganization energy, λs. 

Electronic coupling is increased due to the rigid structure; the radical ions that formed are 

prevented from getting closer to each other. Hence a highly constrained system could limit the 

unfavourable interactions subsequent to photoexcitation to give an increased lifetime and 

quantum yield of the charge separated state. 

 Compared to covalently tethered porphyrin-fullerene complexes, there is less research 

conducted on self-assembled systems. D’Souza, Ito, Imahori, and Guldi are among the few 

researchers who have investigated the coordination of fullerene to porphyrin and their 

photophysics115, 181-188. Self-assembled systems are appealing for several advantages: a) they 

have simple building blocks that avoid complicated synthetic pathways185, b) they have higher 

flexibility and free rotation between the entities to give well-defined rigid structures183, and c) they 

resemble closely the natural photosynthetic reaction centre with self-assembled D-A entities. 

 One of the common approaches for constructing a self-assembled porphyrin-fullerene 

dyad is through metal-ligand axial coordination (Figure 1-19) as demonstrated by D’Souza and 

Ito115. The porphyrin is normally metallated with unsaturated metal ions such as Zn or Mg, and 
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reversibly binds to the pyridine or imidazole functionalized fullerene186-187. Subsequently, triads 

can be formed using a covalently bound Zn-porphyrin-ferrocene dyad, then axially coordinated to 

the functionalized fullerene181. 

 

Figure 1-19 Structure of Zn-TPP axially coordinated with (4-pyridyl)fulleropyrrolidine. Reprinted with 

permission115. Copyright 2005 ACS.  

 

Excitation of porphyrin at the Soret band forms a singlet porphyrin which is then followed 

by ET to form the charge-separated species ZnP.+C60
.-. For the dyad shown in Figure 1-19, the 

lifetime in dichlorobenzene was measured to be 1.1 ns. A supramolecular triad involving 

covalently bound Zn-porphyrin-ferrocene was also studied but the expected hole shift from ZnP.+ 

to Fc was not detected. Decay rates of ZnP.+ and C60
.- were identical, suggesting the secondary 

charge transfer step is in competition with CR.  

 The dynamics of self-assembled systems are very interesting since the binding between 

D-A entities are reversible. This can result in the formation of highly desirable long-lived free 

individual charges of D.+ and A.- in solution after ET115. Furthermore, the ET rate is also dependent 

on the binding strength, the solvation of D-A molecules, and their respective concentrations to 

achieve sufficient complex formation. Therefore, detailed photophysical studies on self-

assembled systems would be extremely beneficial in understanding the factors governing the ET 

rate and could thus establish a model for designing such complexes. 

The longest lifetime ever reported in an artificial photosynthetic system is 1.6 s189; a value 

comparable to the natural bacterial photosynthetic reaction centre (Bchl)2
•+ of 1 s190. This lifetime, 
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along with a quantum efficiency of 34%, was observed in a covalently linked Fc-ZnP-ZnP-C60 

tetrad173. Although more electron transfer steps might increase the lifetime, there is the potential 

for a loss of quantum yield at each step. This study shows that it is essential to maintain a 

balance between reducing the CR rate and increasing the quantum yield when designing the 

systems. 

 

1.7. Self-assembled Bis-porphryin Fullerene Complexes  

 The subject of this thesis is the study of the photophysical properties of a class of self-

assembled bis-porphyrin-fullerene complexes. This has been done in collaboration with Professor 

Peter Boyd and his synthetic chemistry group. The Boyd group has to-date synthesized many 

variations of bis-porphyrin hosts based on the core structure shown earlier in Figure 1-1191. The 

two porphyrins are covalently bound together by a specially designed calix[4]-arene linker to give 

a 45.2˚ angle between the porphyrins, in order to encapsulate fullerenes (C60 and C70) via self-

assembly. Details of the structure of these complexes will be further discussed in Chapter 3.   

 The structural modifications made to the bis-porphyrin hosts include Zn metalation of the 

porphyrin core and the attachment of secondary electron donors (Fc, N-trityl, and Ru-P) via either 

self-assembly or covalent bonds to the bis-porphyrin192-194. Solvation of the host-guest complex in 

toluene and cyclohexane will also be discussed, in addition to using both fullerene C60 and C70 as 

electron acceptors. All these factors can alter the electronic properties of the complexes, which 

subsequently change the rate of ET.  Thus, the remaining chapters of this thesis are organized by 

discussing the findings of the factors that influence the ET processes in relation to the structural 

modifications of the bis-porphyrin hosts.  
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CHAPTER 2 

EXPERIMENTAL METHODS: 

FEMTOSECOND TRANSIENT 

ABSORPTION SPECTROSCOPY 
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2. Experimental Equipment and General Procedures 

To evaluate the photophysics of the bis-porphyrin fullerene complexes, spectroscopic 

methods were employed. Ground state UV-Vis absorption spectroscopy allows direct observation 

of the equilibrium self-assembly between the bis-porphyrin hosts and the fullerene. The maximum 

absorption wavelength (λmax) in the ground state UV/Vis absorption spectra also identified 

appropriate excitation wavelengths for subsequent transient absorption spectroscopy (TRA) 

experiments. TRA is a pump-probe technique, in which the excited state absorption spectra of 

transient intermediate species are monitored over time as the system decays back to the ground 

state or on to products. The initial excited states and most rapidly formed intermediates are 

evaluated using femtosecond to picosecond TRA (fsTRA). nsTRA using nanosecond laser pulses 

is used for exploring the evolution of the system on ns, s and ms timescales. In the case of bis-

porphyrin fullerene complexes, the main transient species of interest is the charge-separated 

state P.+ - C60
.-. The energetics and kinetics of this species are extracted by performing 

sophisticated data analysis methods, described below.  

 

2.1. Sample Preparation 

All bis-porphyrin hosts studied were synthesized and characterized by the Boyd’s 

group172, 191-194. Unless otherwise indicated, host bis-porphyrin complexes were prepared in 

toluene or cyclohexane at concentrations of ~3 x 10-5 M. Fullerene C60 and C70 (98%, Sigma 

Aldrich) were prepared in the same solvent at concentrations of ~3 x 10-3 M. Spectroscopic grade 

(≥ 99.5%) toluene and cyclohexane were used. Specific sample preparation procedures for each 

set of the complexes are described in their relevant chapters. For the purpose of transient 

absorption experiments, all samples were diluted with the appropriate solvent to give 0.7 OD at 

the Soret band maximum wavelength (420-435 nm).  
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2.2. Ground State UV-Vis Absorption  

Complex formation between the bis-porphyrin and fullerene were observed in the ground-

state absorption spectra. Upon titration of a fullerene solution into the bis-porphyrin sample, a 

bathochromic shift of the bis-porphyrin Soret band from 420 nm to 427 nm is observed. This shift 

is characteristic of the self-assembly reaction between the host (bis-porphyrin) and guest 

(fullerene) to form tight complexes191, 194. In some experiments, the ligation of tBu-Py or Fc-Py to 

the fifth coordination site of the metallated bis-porphyrin was monitored by a further shift of the 

porphyrin Soret bands to 433 nm (for Zn2 and Zn3, refer to Chapter 3). The ground state UV-Vis 

absorption spectra were measured using an Ocean Optics miniature fibre optics spectrometer 

(S2000) equipped with a miniature deuterium tungsten halogen light source (Ocean Optics DT-

mini-2-GS), with a working wavelength range of 200-800 nm. Samples were prepared in a 1 mm 

path length quartz cuvette. The spectra were recorded using Ocean Optics OOI Base Software 

with a 200 ms integration time for each measurement, and averaged over 10 scans. 

 

2.3. Transient Absorption Spectroscopy (TRA) 

In 1967, the Nobel Prize was awarded to Ronald Norrish and George Porter for the 

earliest flash photolysis studies, while Manfred Eigen shared the prize for developing stopped-

flow instrumentation. This experiment involves the use of two light sources to explore the excited 

states of transient species. The first source was a pulsed ruby laser used for excitation of the 

molecule, and the second was a nanosecond spark lamp for measuring the change in absorption 

of the sample after some time delay195. This contribution has since significantly widened our 

knowledge of the photochemistry and photophysics of many important systems, including 

photosystems I and II196-200. In these first experiments, flash lamps were used as the primary 

sources for exciting and probing molecular electronic absorptions. While flashlamps have a 

broadband wavelength range (UV to near-IR), they suffer from limited time resolution. They can 

only probe the microsecond regime and so are only useful for the detection of relatively long-lived 

species.  
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In subsequent years, the invention of lasers has greatly improved the time resolution of 

pump-probe experiments to the nanosecond, picosecond and femtosecond regime201. 

Development of state-of-the-art ultrafast lasers have now allowed detection of fast chemical 

reactions such as charge transfer, proton transfer, internal conversion, photoisomerization, and 

photodissociation, with femtosecond resolution202-204.  

In its modern form, ultrafast TRA utilizes two short pulsed lasers - a single wavelength 

pump laser to excite the ground state molecules to a specific electronic excited state (or collection 

of states), and a second broadband source to measure the change in absorbance of the excited 

state after specific time delays205-212.  

The change in absorbance ∆OD (λ, t) is then calculated by the difference between the 

ground state absorbance and the excited state absorbance. In general, there are three different 

processes that contribute to a ∆OD spectrum: 

a) Ground state bleaching – When a fraction of the ground state molecules are pumped 

into the excited state, the population of the ground state is reduced, and the ground 

state absorption intensity is lower. This contribution results in a negative signal in a ∆ 

OD spectrum. 

b) Stimulated emission – The probe pulse can stimulate excited molecules to induce 

emission and return to the ground electronic state, thereby contributing to the 

detected light intensity. This contribution also shows up as a negative signal since 

more light is detected at the spectrograph.   

c) Excited state absorption – After pump pulse excitation, the excited state molecules or 

new photoproducts can absorb parts of the probe pulse at the wavelengths 

associated with their allowed transitions. This contribution gives a positive signal in 

the spectrum.  

 

2.3.1. Femtosecond Transient Absorption (fsTRA) System in the 

Photon Factory 

For ultrafast systems, an 800 nm centre wavelength titanium-sapphire laser is commonly 

used as the fundamental source, coupled with an optical parametric amplifier (OPA) to generate a 
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wide range of tunable wavelengths as the pump beam. This provides flexibility in choosing the 

desired excitation wavelength for different sample molecules, and also allows wavelength 

dependent studies. A small portion of the fundamental beam is used to generate SC; a white-light 

source for measuring the change in absorbance. When ultrashort pulses are focused onto a 

medium such as water, CaF2, or Sapphire, non-linear processes (mainly self-focusing and self-

phase modulation for fs pulses) occurring within the bulk material causes spectral broadening. 

The extent of broadening and SC stability is highly dependent on the focused input power and 

type of material chosen213-215. Both pump and probe beams are spatially overlapped at the sample 

cuvette where the probe is mechanically delayed.  

The resulting fsTRA spectrum would usually consist of 80 to 120 spectral traces, taken at 

different time delays.  Sampling points are denser at the beginning around time zero, because 

more data points are needed to accurately perform deconvolution of the instrument response with 

the transient signal. At each time position, 200-1000 acquisitions are collected and averaged to 

increase signal-to-noise ratio. 

The fsTRA system in the Photon Factory was custom-built to incorporate both UV-Vis and 

near-IR acquisitions in one single setup216-217, as shown in Figure 2-1. The fs laser consists of a 

Ti:Sapphire oscillator (Coherent, Mantis-5) generating 20 fs pulses at 80 MHz that seeds a 

regenerative amplifier (Coherent, Legend Elite USP/F-1k-HE). The regenerative amplifier 

produces 3.6 mJ per 110 fs pulse at 1 kHz repetition rate. The pulse train is divided with a 50/50 

beamsplitter, with one half of the beam for the fsTRA setup and the other for a fs-micromachining 

system (not discussed further here). 90% of the TRA beam pumps to an OPA (Light Conversion, 

TOPAS-C) to generate a range of wavelengths tunable from 280-2600 nm to serve as the 

excitation pump beam. A variable neutral density (ND) filter is placed after the OPA to control the 

excitation power.  Typically for fsTRA experiments, the pump pulse is set to 1 μJ/pulse at the 

sample. Higher pulse energies may create unwanted nonlinear absorption processes. The pump 

pulses are then focused with a 75 mm lens into a 1 mm path length quartz cuvette. 

The remaining part of the 800 nm fsTRA beam is used for white-light generation. First, it 

is directed through a retroreflector mounted on a computer-controlled, motorized delay stage with 

0.1 μm resolution and capable of time delays of up to 1.35 ns. This delay line can be extended up 

to 4 ns with a second retroreflector mounted on an optical rail. This part of the setup sets the time 
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delay between the pump and probe pulses. A variable attenuator consisting of a half-wave plate 

and polarizer is used to adjust the power of the 800 nm fundamental beam into the SC generation 

stage. A white light continuum spanning ~440-1500 nm is generated by focusing 1.6 μJ per pulse 

into a 3 mm Sapphire crystal. In order to minimize the temporal chirp, an off-axis parabolic mirror 

(Newport, 50332AL) is used to collimate the SC beam. The polarization of the probe is set at 

magic angle (54.7˚) relative to the pump with a wire-grid polarizer (ProFlux® ,Moxtek) to avoid 

rotational anisotropy effects218. The probe pulse is then focused onto the cuvette with another 

parabolic mirror, and superimposed upon the pump pulse. The probe spot size is 100 μm, 

significantly smaller than the pump spot size of 300 μm, to ensure that the excitation intensity is 

uniform over the area encompassed by the probe beam. 

Depending on the sample photosensitivity, two different types of cuvettes were used in 

the experiments. Prior to fsTRA experiments, the samples were left in the excitation pump beam 

from 1-4 hours, and the ground state absorption spectra before and after excitation were 

measured.  For samples that do not degrade over time (i.e. ground state absorption spectrum 

unchanged in this hard-pump experiment), a static quartz cuvette with a path length of 1 mm was 

used in subsequent fsTRA experiments. For samples that showed photodegradation, a flow cell 

with a 1 mm optical path length was used. The flow system consists of a programmable syringe 

pump (NE-4000) that continuously pushes a 50 mL gas tight syringe (Hamilton gas tight #1050) at 

a flow rate of 0.2 mL/min. Samples are flowed continuously through Teflon tubes into the 

measurement cuvette, and then collected as waste – no recycling of the sample through the 

experimental window is done.  

After passing through the sample, the probe beam is focused onto the spectrometer 

entrance slit (300 μm width); the pump beam is spatially filtered. The detector system comprises 

an imaging spectrograph (ANDOR, Shamrock SR-303i) equipped with three interchangeable 

gratings – ruled with blaze 500 nm (300 lines/mm), ruled with blaze 1000 nm (300 lines/mm) and 

a holographic grating with 500 nm peak (1200 lines/mm). Two thermoelectrically cooled detectors 

enable data collection in both the UV-Vis and near-IR ranges. A CCD (charged-coupled device) 

camera with 1024 x 127 active pixels (ANDOR, iDus 401Series) captures acquisitions in the UV-

Vis region. For near-IR acquisitions, an InGaAs array detector with 512 pixels (ANDOR, iDus 

InGaAs 1.7 μm) is installed on the second detector output. To switch between the two detectors, 
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a motorized flip mirror inside the spectrometer directs the input light to the appropriate detector. 

Because the detectors are at a slightly different height, minor re-alignment of optics is required for 

different setups.  
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Figure 2-1 FsTRA setup in the Photon Factory216-217. The fundamental beam has a 800 nm centre wavelength, 110 fs duration, and 1 kHz repetition rate. To generate this 

fundamental beam, a Coherent Legend chirped-pulse amplifier is seeded by a 80 MHz Ti:Sapphire oscillator (Mantis, Coherent Inc). 50% of the 3.6 μJ energy output is used 

for the TRA system.  See text for detailed description. The abbreviations are: BS1 = beam splitter 1 (50:50), BS2 = beam splitter 2 (10:90), λ/2 = half wave-plate, λ/4 = quarter 

wave-plate, VND =variable neutral density wheel, L1, L4 = focusing lens, L2, L3 = parabolic mirrors, C1, C2 = optical choppers.  
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The CCD detector is set up to collect light on a single row of pixels, along the axis of 

spectral dispersion; the same applies for the InGaAs detector as it only contains one single row of 

pixels. The high correlation between successive pulses is exploited to correct for the probe 

intensity fluctuations. This is possible by chopping both the pump and probe beams at different 

frequencies with optical choppers synchronized to the laser amplifier repetition rate of 1 kHz. For 

acquisition in the UV-Vis region, the CCD camera, triggered by the 1 kHz amplifier, has a 1 ms 

set exposure time to define the acquisition window. The pump and probe beams are chopped at 

500 Hz and 250 Hz respectively. The InGaAs detector acquisition also is referenced to the 1 kHz 

fundamental repetition rate, but as it has a slower readout time, its set acquisition window is 5 ms 

and the pump and probe beams are chopped at 50 Hz and 25 Hz, respectively.  

For both detectors, this configuration gives a pulse sequence of: pump and probe, probe 

only, pump only and no pulses (Figure 2-2). In other words, the detector measures: pumped 

sample (
sigI ), unpumped sample or the ground state reference (

0I ), the contribution from the 

pump pulse only (
pumpI ), and the background signal (

BI ). The final ∆OD is calculated:  

 0( , ) log B

si g pump

I I

I
OD t

I


 
    

  




             (2.1) 

 

 

Figure 2-2 Timing diagram showing the data acquisition sequence for the UV-Vis (left) and near-IR (right) 

detectors in the fsTRA system. See text for more detail. 

 

Using this single pulse correlation approach, the sensitivity of detection is able to reach 

∆OD = 10-4 with 800 shots averaged, comparable to other systems that employ a similar 

approaches219-220. To increase the signal-to-noise ratio (S/N), each cycle of ∆OD measurement 
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was repeated and averages were taken. At each of the time delays, 1000 acquisitions of the cycle 

were collected and the average ∆OD calculated in the software. A better S/N is obtained as more 

averages as taken, since S/N is proportional to the square root of the number of probe shots. The 

spectra were recorded by home-developed software written in LabView 8.0 (National Instruments) 

by former postdoctoral fellow, Dr. Charles A. Rohde. The software controls the delay line, the 

optical choppers, spectrometer and detectors.  

 

2.4. Data Analysis Procedures 

Data collected from the fsTRA experiments consists of a large two-dimensional matrix 

where the ∆OD values are organized as a function of wavelength (λ) and time delays (∆t). 

Analysing this large array of data and extracting the valuable information is a challenging task, 

since the transient signals acquired are not ‘flawless.’ Signals from different excited states may 

overlap each other in wavelength, complicating the process of extracting kinetics of a particular 

transient state of interest. Furthermore, the nature of the instrument itself contributes to the data 

structure. This includes temporal dispersion of wavelengths that leads to a curvature in the data in 

time, convolution of the instrument response function that affects the early time measurements, 

and coherent artefacts. These effects can be corrected or removed to a certain extent, but this 

processing requires assumptions and/or approximations to be made to the model.  

There is no single mathematical routine that can model the kinetics of a system perfectly, 

but a combination of techniques, each with its own advantage, can be employed to tackle the 

problem more effectively. Soft and hard modelling methods have been applied in the studies 

reported here. These approached include singular value decomposition (SVD), single trace 

kinetic fitting, Monte Carlo Markov Chain (MCMC) analysis, and global lifetime analysis221.  

Soft modelling methods analyse the variation in the data to provide qualitative information 

that allows postulation of a suitable model. On the contrary, hard modelling methods use explicit 

mathematical models, generating parametric description of the data. To allow better illustration of 

the different analysis methods, examples will be given in the following sections using the data 

from fsTRA studies of Zn2 (UV-Vis) and dyad Zn2-C60 (near-IR). All of the analysis methods 

described below except global analysis were performed with house-built open source software 
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written in Python language by Jacob Martin, called PyTrA221. Global analyses were performed 

using graphing and data analysis software IGOR Pro, by Wavemetrics purchased on a student 

personal license.  

 

2.4.1. Artefacts in fsTRA  

When ultrashort pulses propagate through various optical components before reaching 

the sample, the interaction of the laser light with the materials it encounters causes nonlinear 

events to occur. The nonlinear events arise from the third order nonlinear susceptibility (χ3) and 

are generally referred as ‘coherent artefacts’ in the transient spectra196. The undesired signals 

appear in the early times of the spectra, around zero time delay. They can be addressed in two 

different ways when analysing the data. The first is to ignore the early time dynamics, meaning to 

exclude the data points in the first few hundred fs when performing fitting routines. This is not 

always possible since the early transient species (the rise time, or a very fast decaying species) 

may contain key information in understanding specific mechanisms of a molecular system. 

Otherwise, the second method is to explicitly include the artefacts in the analysis where 

assumptions about their line shapes will have to be made. An example of a coherent spike is 

shown in Figure 2-3 where the single trace kinetic data is taken from a near-IR spectrum of dyad 

1-C60 in toluene. The inset figure showed an enlarged oscillatory pattern of the coherent artefact 

that is due to nonlinear optical effects of the pump pulse scattering towards the probe pulse as 

they overlap. The origins of these coherent artefacts have been thought to be related to the 

polarization of pump and probe pulses and also the incident angle of pump and probe beam 

overlapping at the sample222-224.  



 
50 

 

 

Figure 2-3 Kinetic trace at 1060 nm of C60
.- transient signal from dyad Zn1-C60 in toluene . A coherent spike 

(circled in blue) is observed near time zero. The inset figure showed an enlarged section of the spike with 

oscillatory patterns.  

 

The effects of group velocity dispersion (GVD) are also present in the fsTRA spectrum. 

More commonly known as a chirped pulse, it is observed around zero delay as a result of a 

change in index refraction as the pulses propagate through the cuvette and solvent225-226. As light 

passes through the dispersive medium, different wavelengths travel at different speeds. For 

femtosecond pulses, this effect is noticeable and important to correct for.  

A positive chirp is created in dispersive media such as glass, meaning that longer (red) 

wavelengths appear earlier in time compared to shorter (blue) ones. It is important to correct for 

the chirp to be able to perform hard modelling methods such as fitting the kinetics of a transient 

signal. The chirp spectrum can be fitted with a polynomial that can then be used to correct raw 

fsTRA data. The procedure for chirp correction is detailed below.  
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2.4.2. Data Post-processing 

2.4.2.1. Chirp Correction  

The effects of GVD can be observed in the raw fsTRA data (Figure 2-4 lower part left) 

showing a curvature in the time delay for different wavelengths at around t = 0. This effect must 

be corrected before proceeding to any spectral or kinetic analysis. The first step is to collect a 

chirp spectrum for the two-photon absorption process. This is done using a solvent in a 1 mm 

path length quartz cuvette, with the pump excitation wavelength the same as for the subsequent 

fsTRA experiment. For every fsTRA experiment conducted in the UV-Vis region, a chirp spectrum 

was measured with the corresponding solvent and pump wavelength. 

After collecting a chirp spectrum shown in Figure 2-4 (upper part), the chirp is modelled 

by fitting eight points along the curve (selected by the user) to a second-order polynomial of the 

form:  

    2

0 1 2( , )GVD at a a      (2.2) 

The best fit function is then used to adjust the ∆OD values in the raw data by linear interpolation.   

 From the chirp spectrum, temporal dispersion of the probe pulse through the optics in the 

Photon Factory system is seen to be approximately 1 ps over the 440-700 nm range. Chirp 

correction is not necessary for our near-IR TRA.  
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Figure 2-4 Upper part – A plot of two-photon absorption process taken with cyclohexane solvent in a 1 mm 

quartz cuvette over 440-700 nm. The temporal dispersion in this data is approximately 1 ps. Lower part – 

raw fsTRA data showing curvature of time zero as an effect of chirped pulses (left) and chirp corrected data 

where time zero is adjusted for all wavelengths (right). 

 

2.4.2.2. Instrument Response Function (IRF) 

The chirp spectrum is also useful in determining the instrumental response function (IRF) 

of the system. The IRF contributes to the early dynamics observed in the fsTRA spectra, because 

the temporal width of our pulses is similar to the timescales of the initial events we are measuring. 

Experimentally, the IRF appears as a convolution with the signal from the ultrafast dynamics. 

Equation 2.3 describes a simple rate fit model F(t), showing the convolution of the IRF 

with the sample response. The sample response can be written as a sum of exponential decays 

with different amplitudes and lifetimes227. Data collected for an experiment is distorted by the IRF, 

therefore in a routine kinetic analysis, the fitted curve will include convolution of the IRF. 
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Therefore, by measuring a scatter solution (solvent) where the sample response is not present, 

and performing a kinetic analysis, the IRF can be experimentally determined.  

 ( ) * exp
i i

i

t
F t IRF A



 
  

 
   (2.3) 

Where A  is the amplitude, t  is time, and is the lifetime. 

 

2.4.3. Visualizations 

 Visualization of fsTRA data in the form of a 2-D contour plot is an essential part of the 

analysis. The data is displayed to show spectral features of transient signals and the decays in 

time. A rainbow colour map is often used to indicate the intensity of ∆OD, where red is the highest 

intensity and blue the lowest (Figure 2-5). It is immediately obvious that in the UV-Vis spectrum, 

multiple positive and negative signals are present with very long lifetimes, overlapping each other. 

In the near-IR spectrum, there is only one positive (absorption) signal decaying within the time 

range. Despite being a simple and quick visualization method, colour maps have to be used 

wisely and carefully. They should only serve as visualization tools, and not used for detailed 

interpretation; the luminescence and hue of colour maps can actively mislead one’s perception228-

229.     

 

 

Figure 2-5 Examples of 2-D contour plots displaying data in the UV-Vis (left) and near-IR (right) region 

using false colour maps.  
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Single wavelength traces also can be extracted and displayed to show an evolution of 

the spectrum over time (Figure 2-6 upper part). Various absorption, stimulated emission and 

ground state bleach processes can be identified from positive and negative peaks. These 

visualizations allow intelligent selection of wavelengths for fitting the kinetics of a particular 

signal. They also show peak wavelength shifts that may occur over the timescale of the 

experiment. Similarly, wavelength traces can also be extracted to visualize decay curves at 

different wavelengths (Figure 2-6 lower panels). This is particularly useful to detect different 

decay kinetics of species that may be present across different parts of the spectrum. For 

example in the 450-600 nm range, some of the curves are seen rising, and some are 

decaying, which imply behaviour of different excited states.  

 

 

Figure 2-6  Upper panels – time dependence of ∆OD spectra across the UV-Vis and nIR regions. Lower 

panels – kinetic traces at different wavelengths. 
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2.4.4. Soft Modelling Methods 

2.4.4.1. Singular Value Decomposition (SVD) 

 SVD is a model-free method using linear algebra to decompose the data set into a 

product of three matrices of the form: 

    TD U S V       (2.4) 

U  and V are both orthonormal matrices with dimensions m n  and n n corresponding to 

columns of time vectors and rows of wavelength vectors. S  is the diagonal entries of the matrix 

containing singular values arranged in descending order of importance. Linearly independent 

components (eigenvalues and eigenvectors) are extracted from the matrix and a logarithmic plot 

of the singular values can reveal the number of species that contribute to the data230.  

SVD analysis is performed for the data on new molecules, revealing valuable information 

on the number of species present to minimize the chances of over/under fitting the kinetics. SVD 

analysis can be computed in PyTrA which allow extraction of the number of signification singular 

values above noise levels. This gives an idea of the number of absorbing species that contributes 

to a particular data set. For example in our case, this is useful for determining the species present 

in the transient UV-Vis spectrum of a porphyrin where multiple peaks are observed. 

Decomposition of the complicated porphyrin spectrum allows us to more accurately determine 

whether singlet and/or triplet species are present, and where the different species absorb in the 

spectral region. Therefore, SVD analysis is normally performed prior to kinetic analysis.  

 

2.4.5. Hard Modelling Methods 

2.4.5.1. Single Kinetic Trace Fitting 

 Once the transient signal of interest has been determined using the previously detailed 

approach, an analysis of the kinetics can proceed. By choosing the centre wavelength where 

intensity is the highest, a kinetic trace can be plotted and a fitting function chosen. There are 

various functions available for user selection in PyTrA, and those that are directly applicable for 
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the analysis here are the convoluted single exponential and convoluted double exponential 

functions in which the IRF is included.  

The iterative fitting procedure in PyTrA is optimized using the least squares algorithm. 

The 2 tests for convergence and a reduced 2 value are used to compare fits between different 

models.  

 

2.4.5.2. Global Analysis 

 Global lifetime analysis remains the most widely used parametric method for kinetic 

analysis in time-resolved spectroscopy227, 231. Global fitting allows optimization of one set of 

parameters (a single model) across multiple data sets.  

  The global fitting package available in IGOR Pro 6.36 is used for this purpose. The 

iterative procedure in IGOR Pro is based on finding the first global minimum by optimizing the 2 

value. The fit function is user-defined, where convoluted exponential functions described 

previously were used. 

All the lifetime results reported in the following chapter are fitted using global lifetime 

analysis. Each fsTRA experiment was repeated at least three times, and global analysis was 

performed on each data set with the final result reported as an average.  

 

 

2.4.5.3. Markov Chain Monte Carlo (MCMC) 

One of the biggest advantages of PyTrA compared to commercially available analysis 

software is its utilization of Bayesian Data Analysis (BDA). BDA has the major advantage of being 

an entirely probabilistic method230. It is based on Bayes Theorem (Equation 2.5) in which the 

probability that a given model is true from the data in the analysis pool is calculated. In addition, 

the noise in the data can be modelled and parameters optimized.  
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In the equation, D refers to the data set and is the set of uncertain parameters.  P D is the 

probability of the model given a data set,  P D is the likelihood function given the parameters, 

 P is the probability of the parameters before analysing the data, and  P D  is the normalizing 

factor.  

 To reduce the computational time in calculating a probability distribution of values for 

P(D|θ) , the Markov Chain Monte Carlo (MCMC) method was developed by Metropolis and 

Hastings232. In brief, MCMC performs random jumps in a parameter within a defined range of 

values and estimates the probability of the current value within the model. This is then used to 

select the next value in the chain, until the chain converges and a distribution is formed233.  

As an example, the near-IR spectrum of dyad Zn2-C60 in cyclohexane fitted to a bi-

exponential decay is analysed with MCMC. The bi-exponential fit includes parameters: A1, A2, T1, 

T2, FWHM, y0 and x0 where A1,2 is the amplitude, T1,2 is the lifetime, FWHM is the instrument 

response, y0 is the spectrum offset and x0 is the time zero offset. For each of the parameters, 

three plots are displayed: the sampling values along the iterations, the degree of correlation 

between previous sampling values, and a histogram showing the distribution. An example of the 

output of an MCMC analysis computed in PyTrA is shown in Figure 2-7 for the parameter T1 (tau). 

The top left graph shows the iteration is converging into a solution. The histogram showing a 

normal distribution implies that a well-defined solution is found for the parameter. On the other 

hand, if the histogram plots a random distribution, this means that the model used for describing 

the data is not appropriate. The analysis also produced an estimate mean value of the 

parameters with their associated uncertainties which served as a comparison with results 

obtained from global analysis.  
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Figure 2-7 MCMC analysis output from PyTrA displaying a plot for the parameter T1. There are three sub-

plots displayed: (top left) the values of random sampling along the iterations, (bottom left) an autocorrelation 

plot between previous sampling values, (right) a histogram of the distribution.  
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3. Introduction 

 The non-covalent interactions between porphyrins and fullerenes have been extensively 

studied through computational modelling and X-ray crystallography of co-crystallates158, 174, 234-237. 

The closest distance between the tetraphenylporphyrin (TPP) mean plane and the fullerene was 

found to be 2.75 Å174, including stacked porphyrin-porphyrin ones. Evidence from these studies 

showed that the π-π interactions between the flat surface of the porphyrin and the curved surface 

of fullerene are predominantly due to Van der Waals forces. The proximity and strong attraction of 

these two molecules has drawn significant attention to their potential for engineering 

supramolecular assemblies for solar energy harvesting.  

The Boyd group was one of the earliest to discover the crystal packing of common 

porphyrin, TPP and fullerene158. In their studies, the co-crystallates of TPP and fullerene have a 

zigzag arrangement as shown in Figure 3-1. This close contact is present in the solid state and in 

solution174. The phenomenon prompted investigation into new designs of porphyrin-fullerene 

constructs that display this favourable π surface interaction. As a result, Boyd et al. developed the 

novel idea of non-covalently trapping the fullerene into bis-porphyrin ‘jaws’ through self-

assembly235. The design and synthesis of new ‘jaws’ porphyrin-fullerene systems provides insight 

into self-assembled supramolecular systems; the thesis work presented here provides insight into 

the photoinduced ET of these promising systems.  

The design of the bis-porphyrin host was based on the observed arrangements of 

porphyrin and fullerene in the co-crystallate structures, in which the porphyrin plane – fullerene 

distance is 2.7-2.9 Å, and an enclosure of a 45˚ angle between the mean planes of the porphyrins 

is formed (Figure 3-1). Boyd et al. first presented the successful synthesis of a “jaws” bis-

porphryin host with several porphyrin linkers and metallated porphyrin cores and demonstrated 

their complexation with fullerenes C60 and C70
235. As expected, C60 self-assembles within the 

porphyrin jaws with high affinity (104
 M-1), showing close contact reminiscent to the co-crystallates.  

With a larger Van der Waals diameter, C70 is able to fit in the porphyrin cage side-on with 

increased binding affinity to 105
 M-1, with the elongated surface facing the porphyrin plane. This 

improves the intermolecular overlap between the π orbitals of the fullerene and porphyrins (Figure 

3-2). Further developments in synthesis to improve binding affinities of fullerene were made with a 
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new porphyrin bridge, a calixarene scaffold with different linkage sites191. Furthermore, the effects 

of different porphyrin meso-substituents upon the binding of fullerene to the “jaws” and the 

solubility of the complexes were also investigated191, 235.  

 

 

Figure 3-1 X-ray structure showing formation of alternative TPP-fullerene C60 co-crystallates. Upper:  the zig-

zag arrangement of the porphyrin and fullerene components; Lower: the angle between the two porphyrin 

planes is 45° and distance the between the porphyrin centroid and fullerene curved face is 2.7 Å. Reprinted 

with permission236. Copyright 2004 ACS. 

 

 

Figure 3-2 X-ray structure showing C70 binding side-on to one of the earlier jaws porphyrin made by the Boyd 

group  (H4JawsP) to maximize the π-π interactions. Reprinted with permission236. Copyright 2004 ACS. 
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 In this chapter, a complete photophysical study of self-assembled dyad Zn1-C60, dyad 

Zn2-C60 and triad Zn3-C60 will first be presented. Prior to this study, the PET dynamics of these 

complexes had not been well-understood. The goal of the studies reported in this chapter is to 

measure and compare the formation dynamics of the important charge separated state, and 

monitor its recombination. Important structure-function relationships have been identified and their 

use in guiding future synthetic target identification will be discussed. The solvent dependence of 

the observed physical phenomena has been evaluated in toluene and cyclohexane; these results 

will be discussed here as well. Finally, analogous fsTRA studies were also performed on the dyad 

Zn1-C70 and triad Zn3-C70 in cyclohexane, to determine the effects of a different acceptor 

molecule.  

 

3.1. Self-assembled Bis-porphyrin Fullerene Complexes 

The chemical structures of the bis-porphyrin fullerene complexes whose studies are 

reported in this Chapter are: dyad Zn1-C60, dyad Zn1-C70, dyad Zn2-C60, triad Zn3-C60, and triad 

Zn3-C70 (refer to Figure 1-2 and Figure 1-3 for structures). The main difference among the three 

host complexes (Zn1, Zn2, and Zn3) is the coordination of pyridine derivatives to the Zn in the 

porphyrin core. Details of the full synthesis, structural characterizations, binding studies, and X-

ray crystal structures of these complexes can be found in the work by Boyd and co-workers191, 194.  

Zn1 possessed the strongest binding affinity (2 x 104 M-1) with fullerene191, and therefore 

was chosen for our initial PET work. Photophysical investigations to extract charge separated 

state lifetimes had been previously performed on both the freebase and dyad Zn1-C60 in toluene 

and toluene-acetonitrile (5:1) solvents238. For our studies, toluene and cyclohexane were chosen 

as the solvents. Fullerene dissolves better in toluene, but only sparingly in cyclohexane. This is a 

result of lower polarity and polarizability (0.006 and 11.04 Å3) in cyclohexane compared to toluene 

(0.099 and 12.4 Å3)239. The degree of solvation of the D-A molecules in different solvents affects 

the reorganization energy as described in Marcus theory, thereby contributing to the rate of ET.   
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Scheme 3-1 Equilibrium processes in the formation of the host-guest complex to form either dyad Zn2-C60 or  triad Zn3-C60 in solution240. The binding constants were 

determined by monitoring the Soret band in UV-Vis absorption spectra; these are tabulated in Appendix B. 
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The equilibrium processes of the host-guests (C60 and C70) complexes have been 

thoroughly established by Boyd, Hosseini and co-workers as summarized in Scheme 3-1217. The 

binding constants were determined by monitoring the Soret band in UV-Vis absorption spectra 

during titrations with fullerene and Fc-Py or tBu-Py. In brief, the binding strength of C70 to the bis-

porphyrin host is higher than that for C60, in agreement with the predictions derived from the X-ray 

structure that show lateral orientation of the C70 that fosters the increased π-π interactions with 

the bis-porphyrin host complex. Solvation effects are also apparent in the binding affinities. The 

binding affinities of both fullerenes C60 and C70 are much higher in cyclohexane. This is attributed 

to poor solvation of fullerene in cyclohexane, promoting host-guest formation and therefore 

resulting in at least a 20-fold increase in binding strength compared to that observed in toluene. 

The association constants in Scheme 3-1 can be found in Appendix B. Overall, the schematic 

above led to the formation of the triad, regardless of the order of addition of either C60 or Fc-Py. 

 

3.2. Photophysical Studies on Fully Self-assembled Complexes 

Photophysical experiments on the complexes were performed with fsTRA. A detailed 

description of the fsTRA setup has been discussed previously in Chapter 2. The charge-

separated state lifetimes reported were extracted from exponential fittings over repeated data sets 

with global analysis. The exponential models were tested and confirmed with both SVD and 

MCMC analysis. Prior to conducting excited state measurements, the ground state electronic 

absorption spectra of the complexes were examined to observe the bathochromic shift 

characteristic of self-assembled complex formation, and also to determine the maximum 

absorption wavelength (λmax) to select optimal excitation wavelengths. Figure 3-3 shows the 

general excitation pathway of the bis-porphyrin fullerene complexes. After excitation of the 

porphyrin, ET from the singlet porphyrin to C60 (the same with C70) creates the charge-separated 

state P.+-C60
.-, and the lifetime of this state is our main interest.  
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Figure 3-3 Summary of the general excitation pathway of self-assembled P-C60 complexes studied. In the 

presence of a fullerene acceptor, ISC of the singlet excited porphyrin to the triplet state is quenched by PET 

to form the charge-separated state P.+-C60
.-. 

 

3.2.1. Ground State UV-Vis Absorption  

Ground-state UV-Vis absorption spectra of dyad Zn1-C60, dyad Zn2-C60 and triad Zn3-C60 

were measured (Figure 3-4). Characteristic Soret and Q-bands of porphyrin can be seen from 

400-600 nm. The peak at 350 nm indicates the absorption by excess C60 in the solution after 

complex formation. In the inset graph, showing enlarged Soret bands, it can be observed that the 

λmax shifted from 427 nm in Zn1-C60 to 433 nm for both of the pyridine coordinated complexes 

dyad Zn2-C60 and triad Zn3-C60. This red-shift in the Soret and Q bands confirmed the formation 

of a five-coordinate Zn-porphyrin217. Similarly, dyad Zn1-C70 and triad Zn3-C70 exhibited the same 

shift from 427 nm to 433 nm, indicating coordination of Zn with a pyridine derivative (Figure 3-5). 
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Figure 3-4 Ground-state UV-Vis absorption spectra of the three complexes in cyclohexane: dyad Zn1- C60  

(black), dyad Zn2-C60 (red), triad Zn3-C60 (green). The peak at 340 nm indicates absorption by excess C60; 

the porphyrin Soret and Q bands are present around 420 nm and 500-650 nm, respectively. The inset shows 

an enlargement of the Soret band positions. 
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Figure 3-5 Ground-state UV-Vis absorption spectra of: dyad Zn1-C70 (black), triad Zn3 -C70 (red) in 

cyclohexane. The maxima of the Soret bands are at 427 nm and 433 nm respectively.  

 

3.2.2. Photostability of Complexes under Laser Irradiation 

Over the duration of the fsTRA experiments, photochemical reactions may generate 

undesirable photoproducts. The UV-Vis absorption spectrum of the sample was taken before and 

after each experiment to ensure absorbance of the complex remains the same. For all dyad Zn1-

C60, no photodegradation was observed. However, both dyad Zn2-C60 and triad Zn3-C60 were 

observed to undergo photodegradation when irradiated with the excitation beam. Figure 3-6 

illustrates the depletion in the absorbance of the triad Zn3-C60 complex in cyclohexane during 

laser irradiation under normal experimental conditions (1 μJ/pulse at 433 nm). The change in 

absorbance at the Soret band indicates an almost 50% decrease in concentration of the parent 

complex after 1 hour of irradiation, and 75% degradation after 4 hours. A charred spot was often 

noticeable on the sample cuvette where the irradiation was focused, further evidence of laser-

induced breakdown of the molecular complex into an unwanted photoproduct. 
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Figure 3-6 UV-Vis absorption spectra of triad Zn3-C60 in cyclohexane under laser irradiation with 433 nm 

light over a total period of 4 hours. The complex decayed over time steadily as seen, from the decreased 

absorption at the Soret peak position.  

 

 Due to the complexity of the molecular architectures, resolving the substance and 

structure of photoproducts was impractical (and not the focus of these studies). A simple test was 

conducted on freebase dyad H21-C60, in which the same Fc-Py derivative was added to the 

sample and irradiated. Coordination of Fc-Py does not occur with freebase porphyrins; therefore 

this experiment tests the photostability of Fc-Py and its plausibility of causing intermolecular 

instability. No photoproducts were detected in this process, giving evidence that coordination of 

pyridine to the Zn is the primary cause of the electronic changes that lead to instability under 

photoexcitation.  
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3.2.3. FsTRA Experimental Procedures 

3.2.3.1. Sample Preparation 

Stock solutions of bis-porphyrin host complexes (Zn1, Zn2, and Zn3) were made up by 

dissolving approximately 4 mg of bis-porphyrin sample in 50 mL of either toluene or cyclohexane 

(Sigma-Aldrich spectroscopic grade). Fullerenes C60 and C70 (Sigma-Aldrich 98% purity) were 

weighed to 25 mg and added to 10 mL of appropriate solvent (toluene, cyclohexane) to make 

stock solutions. From the binding studies, it was determined that a ratio of 1:5 host:C60 and 1:2 

host:C70 is required to obtain greater than 90% complex formation, the desired condition for our 

studies. For the pyridine derivatives, a 10:1 pyridine:bis-porphyrin host ratio is used. After making 

up the host-guest solutions, the sample was diluted with the appropriate solvent to attain 

absorption of 0.8 OD measured at the peak of the Soret band. This absorbance was carefully 

chosen to balance between optimizing the transient near-IR signal and preventing unwanted 

photochemical reactions due to high concentration.  

Oxygen sensitivity was tested on several complexes (dyad Zn1-C60, dyad Zn2-C60 and 

triad Zn3-C60 in toluene) by degassing. A freeze-pump-thaw method with purging argon gas 

through the solution for 30 minutes was employed. The samples were then kept under a N2 

positive pressure environment throughout the experiment.  

 

3.2.3.2. FsTRA Experimental Parameters 

All complexes were excited into the S2 state of the porphyrin (427 nm for dyad Zn1-C60, 

433 nm for both dyad Zn2-C60 and triad Zn3-C60). The excitation energy was set to 1 μJ/pulse and 

the incident beam was focused through a 1 mm path length quartz cuvette. Delay times between 

pump and probe pulses range from -10 ps to 1.35 ns for shorter lived species, and extended out 

to 4 ns for longer lived species. Each sampling point is taken over an average of 1000 

acquisitions. To avoid photodegradation of dyad Zn2-C60 and triad Zn3-C60, the measurements 

were carried out under continuous flow of fresh sample solutions with a rate of 0.2 mL/min.  As 

mentioned above, UV-Vis spectra were measured before and after the experiment, to ensure that 

no unwanted photodegradation had occurred. 



 
70 

 

3.2.4. PET in Complexes with Fullerene C60 Acceptor 

UV-Vis excited state absorptions of porphyrins have been thoroughly investigated in past 

literatures153, 177, 241-242. First, we evaluated the dynamics of the bis-porphyrin host Zn1 in the 

absence of the fullerene PET acceptor. Following excitation of Zn1 to its S2 state, the singlet 

excited states of porphyrin appeared in the absorption spectrum with maxima at 460 nm, 570 nm, 

and 600 nm (Figure 3-7). Negative-going signals originating from a combination of ground-state 

bleach and stimulated emission are also present at 540 nm, 575 nm, and 630 nm for all of the 

spectra involving porphyrins. Intersystem crossing of the singlet state to the triplet manifold occurs 

within 300 ps, showing around 480 nm maxima. In our instrument detection limit of 4 ns, the 

dynamics of the long-lived triplet state was unable to be measured. Overall, the spectra and 

dynamics of excited state absorptions for Zn1 are similar to other porphyrin systems that have 

been published.  

 

Figure 3-7 FsTRA difference spectra of bis-porphyrin host Zn1 in cyclohexane (excitation  = 427) at pump-

probe delays ranging from -2.5 ps to 4.0 ns. The arrows indicate the decay of the Zn-porphyrin singlet 

excited state and the rise of the Zn-porphyrin triplet on this timescale. 

 

In order to study PET in the porphyrin-fullerene complexes, we employed fsTRA in the 

UV-Vis to monitor the porphyrin dynamics, and in the near-IR to follow the evolution of the 

fullerene radical anion. In fact, in the UV-Vis region, the spectra are congested making the 
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assignment of individual peaks and dynamics difficult. The more isolated fullerene radical anion 

peak in the near-IR was critical to the analysis of the PET in these systems, and one of the major 

advantages of the experimental setup we have constructed is the availability of fsTRA in both 

regions of the spectrum. 

In the case of the self-assembled Zn1-C60 complex, the porphyrins showed similar initial 

excited state absorption spectra across the UV-Vis region. However, PET occurred and the 

singlet porphyrin transferred an electron to the fullerene acceptor creating a charge-separated 

state P.+-C60
.-. This process quenched the intersystem crossing to the triplet manifold, and a new 

porphyrin radical cation (P.+)  peak formed in the 650-720 nm region (example in Figure 3-8). SVD 

analysis on data collected in the UV-Vis region showed at least two significant singular values. 

These could possibly be related to the singlet state of porphyrin, and also the porphyrin cation. 

The kinetics of the porphyrin cation was fitted to a bi-exponential curve (rise and decay lifetimes), 

and this model was confirmed using MCMC analysis.  

Meanwhile, the fullerene radical anion (C60
.-

 ) peak was detected in the near-IR region at 

maxima 1060 nm. In these experiments, acquisitions were carried out in the near-IR region of the 

spectra, as the characteristic absorption of C60
.-

 greatly simplifies the process of extracting charge-

separated state lifetimes of the complexes. The signal decay was fitted with bi-exponential terms 

with a rise and decay corresponding to CS and CR processes respectively. MCMC was 

performed on the bi-exponential model, to ensure the model fits the data accurately. In some 

data, the rise times (
1 ) and FWHM did not give a clear normal distributions; due to noisy data at 

the early times caused by coherent artefacts. However, all other parameters, more importantly the 

decay times (
2 ) gave good normal distributions. SVD analysis was also performed and for all 

near-IR spectra, only one singular value was extracted, confirming C60
.- as the only species 

present in the data. It should be noted that fitting the rising curves were often challenging as they 

almost appear vertical, resembling an instantaneous rise. The rise times were fitted although they 

tend to contain larger percentage error of up to 20% due to the contribution of coherent artefacts 

in the early time delays. On the contrary, the decay results are much more internally consistent, 

with a percentage error ranging from 0.5-2%.  All rise and decay of the charge-separated state 

lifetimes for Zn1-C60, Zn2-C60, and Zn3-C60 in toluene and cyclohexane are listed in Table 3-1. 
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These results are reported as an average of globally fitting at least 3 independent data sets 

acquired in the near-IR region of C60
.- absorption.  

FsTRA experiments were performed on several complexes complexes (dyad Zn1-C60, 

dyad Zn2-C60 and triad Zn3-C60 in toluene) for oxygen sensitivity. Charge-separated state lifetimes 

extracted in the near-IR signal of C60
.- did not show differences when compared to those 

performed in aerated conditions. Therefore, further fsTRA experiments were all conducted in 

aerated conditions for simplicity in sample preparations. 

  

Figure 3-8 FsTRA results of the evolution of photoexcited triad Zn3-C60 in cyclohexane. The porphyrin and 

fullerene excited (excitation  = 433 nm) state in the UV-Vis (left) and near-IR (right) regions. 

 

As stated previously, the charge-separated state lifetime of dyad Zn1-C60 in toluene has 

been measured by Guldi et al. to be 535 ps. In our experiments, lifetime measurement of this 

complex yielded a similar result (607 ps) within experimental uncertainties. To create a multistep 

ET process, a secondary electron donor is often incorporated in the molecular system.  This 

approach has been shown to increase charge-separated state lifetimes for more than one order of 

magnitude in covalently bound porphyrin-fullerene systems119, 173, 175, 243. In this set of 

experiments, we introduced a secondary donor through a Fc-Py moiety coordinated to the Zn in 

the Zn1-C60 complex (to form Zn3-C60) (Figure 3-9). The formation of a second charge-separated 

state (Fc.+-Py-ZnP-C60
.-,) in which the charges are separated by a greater distance, should 
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theoretically slow the CR process. Indeed, the charge-separated state lifetime of Zn3-C60 

increased by approximately two-fold (1180 ps, near-IR C60
.-), supporting the above hypothesis. 

Although this increase in the lifetime of charge-separated state is smaller than increases 

observed in covalently bound triads138, 244, it is consistent with the lifetime obtained with a self-

assembly triad (linear ferrocene linked porphyrin, coordinated to pyrrolidine functionalized-C60)245.  

To confirm the occurrence of the proposed secondary ET mechanism, the Fc-Py moiety was 

replaced with the PET inert tBu-Py group. Surprisingly, the analysis of near-IR fsTRA experiments 

on the tBu-Py coordinated dyad (Zn2-C60) gave rise to an even longer-lived charge-separated 

state (τ = 1660 ps), suggesting that it may not be secondary ET that extends the lifetime of the 

radical fullerene anion. 

 

 

Figure 3-9 Jablonski diagram showing the excitation pathway of the self-assembled triad Zn3-C60. The 

secondary electron donor Fc-Py did not participate to create the final charge-separated state as expected.  

 

A similar study on the same bis-porphyrin-fullerene complexes was performed in 

cyclohexane. Binding studies have shown that the coordination of C60 is at least five times 

stronger in cyclohexane compared to toluene. This is attributed to poor solubility of C60 in 

cyclohexane246, therefore driving the equilibrium dynamics towards self-assembled complexation. 

The charge-separated state lifetime of the dyad Zn1-C60 was found to be 444 ps, slightly shorter 

than that observed in toluene. The increased binding affinity between the host-guest complexes 

may lead to a stronger interaction between the fullerene and porphyrin  systems, slower dynamic 

equilibrium, and a concomitant favouring of charge recombination. Similar to the case in toluene, 

the triad Zn3-C60 complex with the secondary ET donor axially ligated to the Zn showed an 
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increased charge-separated state lifetime (1220 ps), and the dyad Zn2-C60 complex with the ET-

inert axial ligand exhibited the longest-lived charge-separated state lifetime of 2420 ps. 

In both solvents, the charge-separated lifetime increases in the order of dyad Zn1-C60 < 

triad Zn3-C60 < dyad Zn2-C60. This unexpected result prompted further investigation into the 

participation of Fc-Py as an electron donor. There are two ways to approach this problem: the first 

is to observe the presence of ferrocene cation absorption in the 630 nm region of the transient 

absorption spectrum. This however, is not easily identified because of ferrocenium’s extremely 

low extinction coefficient247-250. The other approach is to extract kinetics of the radical anion (P.+), 

which has a stronger absorption peak around 620 nm. The disappearance or shortened lifetime of 

the P.+ would signify movement of electrons from the Fc to the porphyrin to form Fc.+. Global fitting 

was performed on the 600-670 nm region in the UV-Vis absorption spectrum of the triad Zn3-C60 

in cyclohexane. The bi-exponential fit yielded a lifetime of 1302 ps for the porphyrin cation. These 

identical lifetimes (within experimental uncertainties) of the ZnP.+  and C60
.-

 strongly supports our 

conclusion that the Fc-Py does not act as a secondary ET donor in these complexes, 

unfortunately. The longer-lived dyad Zn2-C60 possess an interesting question to us, since the tBu-

Py ligand is inert in the ET process. Coordination of a pyridine ligand increases the charge-

separated lifetimes in both Zn2-C60 and Zn3-C60, which indicates that ligation plays a role in the 

rate of ET. This will be further discussed in Section 3.3. 

 

Table 3-1 Rise and decay of charge-separated state lifetimes for the Zn1-C60, Zn2-C60, and Zn3-C60 in 

toluene and cyclohexane. 

Solvent Complex 

near-IR C60
.- UV-Vis P.+ 

1  (ps) –   rise 
2  (ps) –  decay 

2  (ps) –  decay 

Toluene Dyad Zn1-C60 0.15 ± 0.03 607 ± 3 - 

Toluene Dyad Zn2-C60 16 ± 3 1660 ± 20 - 

Toluene Triad Zn3-C60 21 ± 4 1180 ± 20 - 

Cyclohexane Dyad Zn1-C60 12 ± 1 444 ± 2 - 

Cyclohexane Dyad Zn2-C60 27.4 ± 0.7 2420 ± 12 - 

Cyclohexane Triad Zn3-C60 1.5 ± 0.2 1220 ± 11 1302 ± 8 
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3.2.5. PET in Complexes with Fullerene C70 Acceptor 

A different electron acceptor, fullerene C70 was self-assembled to the bis-porphyrin 

electron donors, Zn1 and Zn3 to explore the differences in the PET dynamics as compared to C60. 

Fullerene C70 possesses a slightly elongated shape, which allows a side-on fitting into the bis-

porphyrin jaws. This subsequently increased π interactions between the donor and acceptor 

molecules which should lead to a faster back ET (charge recombination) process.  

FsTRA was performed in the near-IR region to monitor the excited state absorption of the 

radical anion C70
.-. The absorption peak was very broad, covering the entire detection range 

(1280-1420 nm) with a maximum at 1380 nm. This peak has been confirmed in several accounts 

over past literatures114, 251-253. Detection of the C70
.- signal was rather challenging due to low 

photon counts in the wavelength region. For this reason, the dyad Zn1-C70 and triad Zn3-C70 

complexes were studied in cyclohexane only, where the signal is more readily identified.  

Analysis of the kinetic profiles (Table 3-2) of dyad Zn1-C70 gives rise to a charge-

separated state lifetime of 339 ps. This is just slightly shorter-lived in comparison to the C60 

equivalent complex in cyclohexane; a result which could confirm the hypothesis of favourable 

back ET due to increased π interactions between the donor and acceptor. The charge-separated 

state lifetime of triad Zn3-C70 was lengthened to 1207 ps (Figure 3-10), a value almost identical to 

the triad Zn3-C60 within experimental errors. By analogy with our results upon dyad Zn2-C60, we 

anticipate that the longer charge-separated state lifetime in the triad Zn3-C70 is not due to a 

secondary ET step.   
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Figure 3-10 (Upper part) FsTRA results of the evolution of photoexcited triad Zn3-C70 in cyclohexane. The 

C70 (excitation  = 433 nm) excited state in the near-IR (right) regions. (Lower part) Bi-exponential fit of C70
.- 

decay at 1370 nm, giving rise to rise of 6.8 ps and  decay of 1210 ps.  

 

 



 
77 

 

Table 3-2 Rise and decay of charge-separated state lifetimes for the dyad Zn1-C70 and triad Zn3-C70 

complexes in cyclohexane. 

 

 

3.3. Relationship between Electronic Coupling and the Charge 

Recombination in the Marcus Theory of ET 

The bis-porphyrin fullerene systems studied here consistently demonstrated enhanced 

charge separated state lifetimes in the pyridine coordinated derivatives. In order to understand the 

influence of the fifth coordination in this complex system, the Marcus theory of ET was 

considered128, 254. 

In a fixed temperature environment, Marcus theory (Equation 1.1) states that the rate of 

ET is dependent on three variables: the electronic coupling matrix V, the reaction free energy -

∆G˚ET, and reorganization energy λ. In electron D-A systems, this relationship can also be 

expressed in terms of rate of CR (or back ET) with the free energy term expressed as -∆G˚CR. 

Fukuzumi et al. has successfully conducted several studies using Marcus theory on various 

porphyrin fullerene systems. Electrochemical measurements of reduction potentials is the primary 

method used to calculate the overall free energy -∆G˚ET
179. Reorganization energy (λ) is the sum 

of solvent reorganization (λs) and internal reorganization of the molecules (λi). This term can be 

estimated through experimental measurements of charge transfer bands in the fluorescence 

emission spectrum and also through computational calculations176, 255-256.  For studies that 

comprise of a large class of molecules, often the -∆G˚CR and kCR are experimentally measured by 

cyclic voltammetry and flash photolysis respectively. These data points are then used to construct 

a plot of -∆G˚CR versus log (kCR) in which both λ and V can be determined from the best fit of 

Equation 1.1137, 257.  

Solvent Complex near-IR C60
.- 

1  (ps) –   rise 
2  (ps) –  decay 

Cyclohexane Dyad Zn1- C70 0.67 ± 0.01 339 ± 10 

Cyclohexane Triad Zn3-C70 6.8 ± 0.1 1210 ± 23 
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The electronic coupling matrix (V) expresses the degree of orbital overlap between donor 

and acceptor molecules in ET reactions. A more direct method of obtaining the electronic coupling 

matrix is through the charge transfer (CT) absorption band191, 193-194. Titration of a solution of 

fullerene acceptor to the bis-porphyrin donor creates a new and weak absorption band in the 

near-IR (~800 nm) attributed to the ground state porphyrin-to-fullerene CT state (these titration 

experiments were conducted by Boyd and co-workers)191. This CT absorption band can be used 

to estimate V as described in Equation 3.1.  

 

 
  



1/22

1/22.06 10 max max

cc

v

R

v
V  (3.1) 

V = electronic coupling (in cm-1) 

max
= extinction coefficient of CT band (in mol-1cm-1) 

maxv = frequency of CT band (in cm-1) 

 1/2v = full width at half height (in cm-1) 

ccR = porphyrin centre to fullerene centre distance174 = 6.25 Å 

 

 

The CT absorption bands were fitted with a double Gaussian function between 700-1000 

nm using Igor Pro 6.35 software with a non-linear least-squares approach. The Gaussian 

parameters were extracted for νmax and ∆ν1/2 and converted to units of cm-1. The amplitude of the 

peak is also used to calculate the extinction coefficient from Beer’s law (A= εbc where b=1 cm, c= 

exact concentration of host-guest complexes at CT band).  An example of the CT absorption band 

fitting is shown in Figure 3-11 where V is deduced to be 511 cm-1 for triad Zn3-C60  ( maxv  = 12600 

cm-1, 
1/2v = 1650 cm-1, 

max
= 1150 Lmol-1cm-1). A full list of V and kCR values can be found in 

Table 3-3. Using the estimations for electronic coupling and transient absorption lifetimes, a plot 

of V2 versus kCR has been generated based on the Marcus equation (Figure 3-12). It should be 

noted that the V value extracted by this method relates to the coupling between the ground state 

and the Frank-Condon CT state, instead of the photoinduced cycle studied in the time domain. 

This serves well as an estimate of the electronic coupling, however a more accurate method 

would be conducting temperature dependence lifetime measurements, and extrapolating V in a 

plot of 1/T vs the rate of reaction.  
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The electronic coupling values for dyad Zn1-C60 in both toluene and cyclohexane have 

been previously estimated by Boyd and Hosseini191. The values reported there were significantly 

different (760 and 790 cm-1 respectively) than the ones we use here, because they used only one 

Gaussian function in their fits. The fitting routine applied in the studies here (Table 3-3) that 

employed a double Gaussian using least-squares optimization have provided more accurate 

results.  

 

Table 3-3 Electronic coupling (V) values calculated from double Gaussian fits of the CT absorption bands for 

all the bis-porphyrin fullerene complexes, with their associated CR rates.  

Complex Solvent 
Electronic Coupling, 

V (cm-1) 

2  (ps) –  

decay 
kCR (x109  s-1) 

Dyad Zn1-C60 Toluene 984 607 1.65 

 Cyclohexane 612 444 2.25 

Triad Zn3-C60 Toluene 900 1180 0.85 

 Cyclohexane 511 1220 0.82 

Dyad Zn2-C60 Toluene 871 1660 0.60 

 Cyclohexane 413 2420 0.41 

Dyad Zn1-C70 Cyclohexane 646 339 2.95 

Triad Zn3-C70 Cyclohexane 608 1207 0.83 
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Figure 3-11 CT absorption band of triad Zn3-C60 in cyclohexane fitted with a double Gaussian function using 

the least-squares method. The black solid line represents experimental data whereas the red dotted line is 

the calculated fit. The Gaussian parameters mu2, A2, and w2 were used to calculate V (refer to text).  

 

Figure 3-12 clearly shows a general trend in which strongly coupled host-guest 

complexes exhibit an increased charge recombination rate within a group of molecules in a 

particular solvent. For example, in the case of bis-porphyrin-C60 complexes in toluene, the 

electronic coupling follows in an increasing order of dyad Zn2-C60 < triad Zn3-C60 < dyad Zn1-C60, 

and correlates to a linearly increasing kCR. The same trend is observed in the other two groups 

(bis-porphyrin-C60 in cyclohexane and bis-porphyrin-C70 in cyclohexane) as well. More 

interestingly, a comparison between the bis-porphyrin-C60 complexes in toluene and cyclohexane 

(red and green lines) shows that electronic couplings are significantly weaker in the latter solvent, 

but the kCR remained in the same order of magnitude with an identical linear trend. This 

observation strongly indicated that solvation has an effect on the electronic couplings. In fact, 

since the rate constants have very similar values, it can be inferred that the reorganization energy 

term (λ) is larger for PET in complexes in cyclohexane assuming the differences in -∆G˚CR are 

negligible. This assumption is reasonable since the only variable here is the type of solvent used, 

i.e. oxidation and reduction potentials of the host-guest complexes would not change. 
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Figure 3-12 Rate of CR (kCR) calculated from the inverse of lifetime versus the associated electronic coupling 

squared (V2). The general trend of the data is in increasing order of 2 < 3 < 1 (for simplicity, the numbers 

represent the corresponding bis-porphyrin host). Lines are guide to the eyes. 

A closer inspection of the plot for both bis-porphyrin-C60 and bis-porphyrin-C70 complexes 

in cyclohexane (green and blue lines) showed that these data points lie closely together, greatly 

separated from those associated with toluene. This observation supports the above argument that 

solvation effects play a significant role in changing the electronic coupling. Note that kCR 

measured for dyad Zn1-C70 is faster than that for dyad Zn1-C60 despite having comparable V 

values. This can be explained by the larger reduction potential of C70
258, giving rise to a smaller -

∆G˚CR. In the Marcus inverted region, a larger (more positive) -∆G˚CR is undesirable, since it 

increases the rate of CR259.  

The mechanisms of radical ion pair formation in ET photochemistry are well understood 

by now, thanks to the extensive research by Gould et al. in the late 1990’s259-262. Typically, two 

different types of radical ions can form: a contact radical ion pair (CRIP) or a solvent separated 

radical ion pair (SSRIP). Upon PET, a CRIP is rapidly formed that can either undergo CR to the 

ground state or the complex can fall apart with the radicals intact to form an SSRIP. SSRIPs can 
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subsequently undergo three possible decay routes: charge recombination to return to the ground 

state, reformation of a CRIP, or separation to form free radical ions.  

The formation of different radical ions from D-A molecules can be summarized in Scheme 

3-2. All five rate constants here can be measured by combining results from transient absorption 

and time-resolved emission measurements as demonstrated by Gould260. The formation of CRIP 

and/or SSRIP states can be readily distinguished by detecting specific evidence from available 

experimental data. For instance, characteristic charge transfer emission bands are only present in 

CRIPs in which the donor acceptor complex is held together more tightly. Since solvent molecules 

separate the D.+-(S)-A.- in SSRIP, it results in poor electronic overlap in the excited state that does 

not emit. A comparison between properties of CRIP and SSRIP can be reviewed in Table 3-4. 

 

Scheme 3-2 Possible reaction pathways of bimolecular ET forming CRIP illustrated (black), or SSRIP in (red).  
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Table 3-4 A comparison of key properties exhibited by D-A molecules that undergo PET to form two different 

types of radical ions: CRIP and SSRIP 

 

It is not surprising to discover that the bis-porphyrin-fullerene complexes studied in this 

thesis will most likely form CRIPs. In previously published data, the CT emission bands were 

present in the near-IR fluorescence spectra191. Even though the centre-to-centre separation 

distance for the bis-porphyrin fullerene complex is 6.25 Å, closer to that for SSRIPs, their 

extremely large V values (400-1000 cm-1) shows that they are unlikely to form SSRIP176, 263. Self-

assembly of fullerene to the bis-porphyrin utilizes desolvation properties to drive the positive 

equilibrium towards complex formation. Since no rigid covalent bonds are involved in this D-A 

system, it would be natural to postulate the likelihood of fullerene detaching from the bis-porphyrin 

jaws to form free radical ions. As a matter of fact, this phenomenon is not apparent in the short 

sub-picosecond charge-separated state lifetimes. Ironically, the high binding affinities and 

Properties CRIP SSRIP 

Electronic Coupling V Large (~750 cm-1) Small  (~12 cm-1) 

Solvent reorganization 

energy  λs  for back ET 

Small (~0.5 eV) Large (~1.6 eV) 

CT emission  Yes Does not emit 

D.+A.- separation distance 3.5 Å 7  Å 

Solvent polarity Mainly in non-polar  Mainly in polar  

kCR Faster  Usually slower 

Molecular structure Well defined More dynamic 

Oxidation potential of donor 

molecules 

Obvious increase in kCR when 

oxidation potential of donor 

decreases 

kCR is less readily 

affected 
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desolvation of fullerene in the non-polar solvents (particularly cyclohexane) drive the dynamics of 

self-assembled complexation. Back ET can occur much faster in stronger D-A pairs, where 

SSRIP formation is suppressed due to inefficient solvation. 

 

3.4. Summary 

There is no doubt that the bis-porphyrin structural design provides a sophisticated ‘cage’ 

for trapping fullerene, and more importantly permitting PET reactions to form charged radical ions. 

From the lifetime results that lie within hundreds of picoseconds to a few nanoseconds, in 

conjunction with large V values it can be concluded that the bis-porphyrin fullerene complexes 

undergo complete charge transfer reactions to form CRIPs. We also use Marcus Theory to 

explain the linear relationship betweenV2 and kCR. Based on known structural changes on the D-A 

complexes and experimental observations, all three variables V, -∆G˚CR, and λ were found to play 

different vital roles in affecting the rate of ET. 
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FERROCENE APPENDED 

BIS-PORPHYRIN  

FULLERENE SYSTEMS 
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4. Introduction 

Porphyrins are well-known for their ability to accommodate various peripheral 

substitutions that can change their electronic properties. The Boyd group exploited these 

available peripheral substituent sites for a different reason – to add a potential secondary electron 

donor into the porphyrin-fullerene self-assembled complex system via covalent linkage. In 

addition, they appended ferrocene substitutents to the calixarene group bis-porphyrin linker. 

The published literature on covalently bound ferrocene-porphyrin-fullerene complexes 

undergoing PET to create long-lived charges is large173, 243-244, 249, 264-266. These complexes range 

from triads to pentads. In most cases, the ferrocene is linked to the meso position porphyrins 

arranged in a linear chain. TRA studies performed on these molecules has shown that excitation 

of the porphyrin to its first singlet excited state first leads to PET to the fullerene Fc-P.+-C60
.-. This 

is subsequently followed by a fast picosecond hole shift to form the final charge separated 

species Fc.+-P-C60
.-. Even though this process competes with direct CR of P.+-C60

.- to reform the 

neutral ground state, the former process occurs at a much faster rate.  At least a three orders of 

magnitude increase in charge-separated lifetimes (up to μs) has been observed in such 

configurations with a high quantum yield (0.96)138. 

 This approach has been adapted to our system, in an attempt to increase the lifetimes of 

a charge-separated state. Ferrocene was attached to the porphyrin rim or to the calixarene linker 

with spacers of different lengths. In this chapter, we discuss the charge-separated state lifetimes 

of these triads.  

 

4.1. Bis-porphyrin Fullerene Complexes with Covalent Secondary ET 

Donor Ferrocene 

Bis-porphyrins 4, 5 and 6 contain ferrocene covalently attached to the 15th-position on the 

porphyrin macrocycle. The ferrocene is attached through linkers of increasing length: Ph-Fc (4), 

PhN-Fc (5), and Ph2N-Fc (6). All three complexes were self-assembled to C60 for PET studies 

(refer to structures in Figure 1-3 and Figure 1-4). The series aims to investigate the effects of 

increasing the separation distance between the first and second electron donors. From optimized 
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structures calculated using DFT (B3LYP/631G (d)) by Boyd, the distance between the centre of 

the porphyrin to the ferrocene increases from 10.74 Å, 12.97 Å, to 17.31 Å, for Zn4, H25, and, H26 

respectively.  

In theory, the increased distance between the Fc and C60 would create a larger 

separation between the opposite charges in the final zwitterionic state Fc.+-P-C60
.-. The 

recombination of the opposite charges should therefore be significantly slower. Triad Zn4-C60 was 

the only zinc-metallated complex studied (both triad H25-C60 and triad H26-C60 are both freebase), 

due to the limited availability of samples synthesized by the Boyd group. An attempt to de-

metallate the Zn in triad Zn4-C60 to provide for more direct comparisons was not successful, and 

led to breakdown of the complex.  

The synthesis, computational molecular modelling, and binding studies of Zn4-C60 can be 

found in Lyons et al.192 The ground state absorption and emission have been determined. These 

previous spectroscopic experiments revealed blue-shifts in the charge transfer absorption and 

emission bands, compared to those of Zn1-C60. This was explained as a result of the weaker 

electron donating capability of porphyrin being directly conjugated with the ferrocene fragment. 

Furthermore, the charge transfer luminescence results reported by Lyons et al. did not show 

evidence of ferrocene participating as a secondary electron donor.  

In order to encourage the participation of the ferrocene in the ET process, triad H27-C60 

and triad Zn8-C60 (Figure 1-5) were synthesized with ferrocene appended onto the top rim of 

calix[4]arene that links the bis-porphyrin hosts in synthesis work by Dr. John D. Paauwe in the 

Boyd group193. Similar to the previous strategy of successively retarding CR by extending the 

distance between the ET centres, the distance between the porphyrin and ferrocene was 

increased over that in H27-C60 by the addition of a phenyl group (Zn8). This increases the 

distance between the porphyrin and ferrocene by approximately 4 Å, and the effects on the 

lifetimes of the charge-separated state will be of interest. Similarly here, due to the nature of 

sample availability, only the Zn8-C60 was studied in its metallated form. 
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4.2. Photophysical Studies of Ferrocene Modified Bis-porphyrin 

Fullerene Complexes 

All complexes 4 - 8 with C60 adducts were investigated using fsTRA to determine the 

lifetimes of their charge separated states. The examination of the role of the ferrocene as a 

secondary donor is the main subject of discussion since both experimental evidence from Lyons 

et al. and fsTRA results from studies of the triad Zn3-C60 (Chapter 3) indicated that the secondary 

ET step involving ferrocene is absent in these systems. All samples were prepared in toluene; 

binding between the bis-porphyrin hosts and C60 is higher in this solvent, and the charge-

separated state lifetime has proven to be slightly longer than when the complexes are in 

cyclohexane.  

 

4.2.1. Ground State UV-Vis Absorption  

Ground state absorption of the bis-porphyrin complexes were taken as a solution of C60 

was progressively titrated in. Red-shifts in the Soret and Q-bands of the porphyrin absorption 

spectrum of approximately 6 nm were observed, signalling coordination of the C60 guest to the bis-

porphyrin host complexes (not shown). UV-Vis spectra of the final equilibrated complex are 

shown in Figure 4-1. The inset clearly illustrates the effects of red-shifting in Zn metallated 

porphyrins. For the appended ferrocene triads, the maximum absorption wavelength (λmax) of triad 

Zn4-C60 was 432 nm, whereas those of the freebase triad H25-C60 and triad H26-C60 were 428 nm. 

The calix[4]arene linker modified ferrocene triads exhibited smaller red-shifts in the Soret 

absorption bands, with triad H27-C60 at 426 nm and triad Zn8-C60 at 428 nm.  

Long term photostability of these complexes was also assessed by laser irradiation at the 

λmax with 1 μJ/pulse over four hours. Ground state UV-Vis spectra were taken before and after 

irradiation for comparison. The spectra remained the same, showing no signs of 

photodegradation.  
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Figure 4-1 Ground state UV-Vis absorption of bis-porphyrin complexes 4-8 self-assembled with C60 in 

toluene. The inset enlarges the Soret peaks, to show how the Soret absorption peaks depend upon metal 

complexation and peripheral substitution of the porphyrins: triad Zn4-C60 at 432 nm (black); triad H25-C60 

(red), triad H26-C60(green), and triad Zn8-C60 (blue) at 428 nm; triad H27-C60 at 426 nm (magenta). 

 

4.2.2. FsTRA Experimental Procedures 

4.2.2.1. Sample Preparation 

The bis-porphyrin hosts were prepared by adding approximately 2 mg of solid samples to 

25 mL of toluene. A stock solution of C60 in toluene was prepared as before (Chapter 3), and used 

for titration into the host solution. Complex formation was confirmed by monitoring the ground 

state UV-Vis absorption spectrum. A ratio of 1:5 host:C60 was required to achieve complete 

complex formation. To prepare the sample solution for transient absorption experiments in a 1 

mm cuvette, the host:guest solution was further diluted with toluene to obtain a Soret peak 

absorption of 0.8 OD.  
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To test for oxygen sensitivity, the samples’ solutions were initially degassed in argon and 

placed in a nitrogen positive environment for the fsTRA experiments. The charge-separated state 

lifetime measured for deaerated samples were compared to that performed in aerated conditions. 

No significant difference was found in the spectra and extracted kinetics, hence for repeated 

fsTRA experiments, the samples were simply prepared in aerated conditions. 

 

4.2.2.2. FsTRA Paramaters 

All samples were excited into the S2 state (Soret band) of the porphyrin by tuning the 

pump laser to the excitation maximum observed in the ground state UV-Vis spectrum. The 

excitation energy was 1 μJ/pulse. Both continuous flowed and static (no-flowed) samples were 

initially used, and no difference in the lifetimes measured was observed. Long term irradiation 

studies for Zn4-C60 and H27-C60 were selected to test for photodegradation. The sample solutions 

were irradiated with 1 μJ/pulse at their respective Soret bands for 4 hours. No photodegradation 

for these samples was detected from their ground state UV-Vis spectrum, hence a static sample 

cell was employed for the following fsTRA studies. Pump-probe delay times ranged from -10 ps to 

1.35 ns for shorter-lived species, and extended out to 4 ns for longer-lived species. Each 

sampling point was averaged over 1000 acquisitions.  

 

4.2.3. FsTRA Results – Sub-ns Lifetimes of Ferrocene Modified Bis-

porphyrin Fullerene Complexes 

The fsTRA spectroscopic experiments were conducted in the near-IR region in order to 

focus on the detection of the C60
.- peak at 1060 nm. Global lifetime analyses were performed to 

extract dynamics of the CS and CR process. SVD analysis performed on the data for each 

complex displayed similar results to the ones in Chapter 3. One significant singular value was 

extracted, indicating the C60
.- as the species measured in the spectrum. MCMC analyses were 

used to model the bi-exponential fittings on the data. The generated histograms for all the 

parameters showed reasonable normal distributions of the data points, indicating a good model 

fit. A summary of these results is given in Table 4-1.  
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Table 4-1  Rise and decay of charge-separated state lifetimes ferrocene appended triads 4-8-C60 in toluene.  

 

The Zn-metallated complexes exhibited shorter charge-separated state lifetimes 

compared to those measured on the freebase complexes, in line with previously investigated 

systems (Guldi et al.)238. This can be more easily observed through the normalized kinetic traces 

taken from the difference spectrum intensities at 1060 nm shown in Figure 4-2. Charge-separated 

lifetimes can be seen to increase from triad Zn8-C60 < triad Zn4-C60 < triad H27-C60 < triad H25-C60 

< triad H26-C60, noting that triad H27-C60 and triad H25-C60 have comparable lifetimes.  

In the work published by Lyons et al., the photophysics of Zn4, along with their 

supramolecular adducts was investigated through the CT absorption and luminescence bands. 

The singlet state fluorescence intensity of Zn4 host is approximately 25 times lower than 

ferrocene free Zn1 host. This indicated a strong singlet state quenching in Zn4 by the ferrocene 

unit. It has been proposed that this effect is due to photoinduced energy transfer from the lowest 

singlet excited states of porphyrin (at 2 eV) to the low lying triplet of ferrocene at 1.2 eV267-268. In 

the case for the supramolecular adducts, the CT bands of triad Zn4-C60 had blue-shifted in the 

ground state by 10 nm and more prominently in the excited state by 50 nm when compared to the 

parent dyad Zn1-C60. This was attributed to the weaker electron donating properties of the bis-

porphyrin due to direct conjugation to ferrocene. Perhaps the most unexpected result was the 

absence of a secondary ET step from ferrocene to porphyrin in triad Zn4-C60. The emission 

spectra of triad Zn4-C60 showed that the porphyrin singlet excited states were quenched by the 

formation of a new CT band in the near-IR which lived for less than 1 ns. It was rationalized that 

this is due to the host bis-porphyrins being spatially closer to C60 than to ferrocene. 

Complex 

near-IR C60
.- 

 (ps) –   rise  (ps) –  decay 

Triad Zn4-C60 10.4 ± 0.3 1040 ± 4 

Triad H25-C60 8.1 ± 0.1 1710 ± 4 

Triad H26-C60 6.4 ± 0.3 2150 ± 9 

Triad H27-C60 33 ± 1 1650 ± 8 

Triad Zn8-C60 0.26 ± 0.05 424 ± 2 

1 2
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Figure 4-2 Normalized kinetic traces at 1060 nm extracted from near-IR fsTRA studies for the set of 

ferrocene-appended triads that are the focus of this chapter. Bi-exponential functions were used to fit (solid 

lines) the data (individual points).   

 

The charge-separated state lifetime of triad Zn4-C60 was just slightly over 1 ns, much 

shorter than the expected µs lifetimes reported from covalently linked ferrocene-porphyrin-

fullerene triads in the literature138, 243. The same applies to triad H25-C60 and triad H26-C60; both 

exhibit slightly longer charge-separated state lifetimes of 1.71 ns and 2.15 ns. The difference in 

lifetimes between triad Zn4-C60, triad H25-C60, and triad H26- is most likely due to the metallation 

of the porphyrin rather than to secondary ET involving the ferrocene. This has been shown in the 

case of dyad H21-C60
238. In that study, the Zn metallated complex lived for 0.5 ns whereas the 

freebase complex lived for 1.46 ns. In general, metalloporphyrins have lower oxidation potentials, 

thus a lower energy CT band. This means that the free energy gap characterizing the charge 

recombination process (-∆G˚CR) is smaller, and in return increases the rate of CR.   

The charge-separated state lifetimes of triad H25-C60 and triad H26-C60 differ by about 400 

ps. The only structural difference between these two complexes is the additional phenyl group in 
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the spacer between the ferrocene and porphyrin. The argument of increased conjugation 

weakening the electron donating character of the porphyrin could provide an explanation of the 

faster charge-separated state lifetime. Blue-shifting of the CT luminescence band was a clear 

observation from the emission spectra192. This increase in energy of the CT band should correlate 

with an increase of the charge-separated state lifetime.  

FsTRA of the calix[4]arene linker modified triad H27-C60 and triad Zn8-C60 indicated 

charge-separated state lifetimes of 1.65 ns and 424 ps respectively. These values fall within the 

range of all the ferrocene-modified complexes investigated by us thus far, suggesting that again, 

the ferrocene does not actively participate in the PET process   

 As in Chapter 3, we can draw a correlation between the electronic coupling in the 

ferrocene-modified complexes and the ET rates observed (Section 3.3). Electronic coupling 

constants for triad H27-C60 and triad Zn8-C60 have been previously estimated from the CT 

absorption bands by Boyd and co-workers193 to be 830 cm-1 and 930 cm-1, respectively, in toluene. 

These values are approximately 80 cm-1
 higher than the corresponding ferrocene free dyad Zn1-

C60. The V2 plotted versus the rate of CR is displayed in Figure 4-3, along with previously 

obtained results for complexes Zn1-C60, Zn2-C60, and Zn3-C60 as a comparison. Since the 

electronic coupling constants for triad H27-C60 and triad Zn8-C60 were fit using different 

procedures than the method described in Chapter 3.3, the absolute values should be ignored, and 

the trend noted. It can be seen that these two triads follow the same trend as the other systems 

discussed in Chapter 3.  

 



 
94 

 

 

Figure 4-3 Plot of electronic coupling (V2) versus rate of CR (kCR) for the calix[4]arene modified triad H27-C60 

and triad Zn8-C60, alongside all other data points for complexes studied in Chapter 3. The numbers on each 

data point represent the corresponding porphyrin host. Lines are a guide to the eyes. 

 

4.3. Summary 

Direct measurement of the charge-separated lifetimes of C60
.- for ferrocene modified triad 

Zn4-C60 indicated the lack of participation by the ferrocene as an active participant in ET as a 

secondary electron donor. It was also found that Zn-porphyrin complexes exhibited faster CR, as 

a result of lower oxidation potentials in metallated porphyrin. This gave rise to red-shifted CT 

bands, resulting in a smaller free energy gap (-∆G˚CR), which is undesirable in the inverted region 

of Marcus theory. Calix[4]arene linker modified ferrocene triad H27-C60 and triad Zn8-C60 

appeared to have similar photophysical properties to ferrocene-free dyad Zn1-C60. Results here 

indicate that the approach of covalently attaching ferrocene as a secondary donor to self-

assembled bis-porphyrin complexes may not provide a route to multistep ET in order to increase 

the lifetime of the charge separated state, thanks to the tight coupling between the porphyrin-

fullerene host-guest molecules.   
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CHAPTER 5 

OTHER STRATEGIES FOR 

SELF-ASSEMBLED TRIADS 

AND  

SOLID STATE PORPHYRIN-

FULLERENE CO-CRYSTALLATES 
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5. Introduction 

In the examples of ferrocene-porphyrin-fullerene triads discussed so far, ferrocene has 

been chosen as the secondary electron donor. It has been either covalently bound to the host bis-

porphyrin complex by substitution to the porphyrin ring, or by modification of the calixarene linker 

between the porphyrins. We also modified an axial ligand to the porphyrin to contain ferrocene. In 

none of these complexes did we see evidence for the active participation of ferrocene as a 

secondary electron donor to the porphyrin.  

Two other synthetic strategies were also employed by the Boyd group that do not employ 

ferrocene-derivatives. In the first approach, the main unit of host bis-porphyrin H21 remained, but 

an electron donating group – N-Trityl was covalently attached to it to form H29 (Figure 1-4). A 

second approach involved the synthesis of a pyridyl-linked bis-porphyrin (H210), with the aim of 

coordinating a Ru-P as secondary donor (Figure 1-6). FsTRA studies in the near-IR of these 

complexes were performed to extract their charge-separated state lifetimes. The results of these 

studies, particularly the effects of the electron donating moieties, will be discussed in this chapter.  

In addition, we will present results from preliminary fsTRA experiments performed upon 

porphyrin-fullerene crystals, to extract the lifetimes of their charge-separated states. Co-

crystallates of three different substituted porphyrins - tetra(o-pivalamido)porphyrin (12), TPP (13), 

and 2,8,12,18-tetrabutyl-3,7,tetramethyl-5,15-bis-(3,5-di-tert-butyl-phenyl)porphyrin (14), mixed 

with fullerene C60 were prepared. FsTRA experiments in the near-IR were conducted on the 

crystals to study their photophysical behaviour.  

   

5.1. FsTRA studies on Triad H29-C60 

The difference of bis-porphyrin H29 compared to its parent compound H21 was the 

substitution of an N-trityl group at 15th position of porphyrin. Substitution of the R group (3,5-di-

tert-butylphenyl) with this bulky N-trityl group did not have a significant effect on the binding 

affinity with C60
192

.  Because the N-trityl group possesses a N-atom with a lone pair of electrons, it 

has the potential to stabilize the positive charge on the porphyrin after PET, in the triad H29-C60. 

To test this hypothesis, the charge-separated state lifetime was measured. 
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5.1.1. FsTRA Experimental Procedures and Results of Triad H29-C60 

A stock solution of bis-porphyrin H29 was made up by adding approximately 2 mg of solid 

samples to 25 mL of toluene. A stock solution of C60 prepared as before (Chapter 3) was titrated 

into the host solution in a ratio of 1:5 host:C60 to achieve complete complex formation. The Soret 

band of triad H29-C60 absorption spectrum measured at 428 nm was diluted with toluene to give 

an absorbance of 0.8 OD for the fsTRA experiments. The sample was placed in a static 1 mm 

path length cuvette since ground state UV-Vis absorption measurements taken before and after 

laser irradiation up to 4 hours showed no signs of photodegradation. The sample was excited into 

the S2 state of the porphyrin with 1 µJ/pulse energy.  

FsTRA experiments conducted in the near-IR region focus on the detection of the C60
.- 

transient signal at 1060 nm. Global lifetime analysis gave a bi-exponential fit of 10.4 ± 0.2 ps rise 

time and 1580 ± 4 ps decay (Figure 5-1). Similarly to the previous experimental data measured in 

the near-IR, SVD and MCMC analyses gave rise to a bi-exponential fit for the C60
.- signal. The 

sub-nanosecond lifetime of the CR process was not unusually surprising given that results from 

the ferrocene modified triads Zn4-C60, H25-C60 and H26-C60 were on the same timescale. The 

distance between the N-trityl group to the porphyrin centroid would be very similar to the distance 

between ferrocene and porphyrin centroid in Zn4. Both secondary donors were only separated by 

one phenyl ring at the meso-position. Additionally, the 1.58 ns lifetime is comparable to that in the 

freebase analogue of dyad H21-C60 (1.46 ns)238. Again, the experimental results here 

demonstrated the lack of a secondary ET process by the N-trityl group in the supramolecular 

assembly.  
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Figure 5-1 (Upper part) Transient signal of C60
.- 

 from spectra of H29-C60 . (Lower part) Global fit analysis of 

the kinetic traces from 1030-1080 nm yielding a rise time of 10.4 ± 0.2 ps and decay of 1.58 ± 4 ns (charge-

separated state lifetime).  

 

5.2. FsTRA Studies of Dyad H210-C60 and Triad H211-C60 

The details of the synthesis and ground state characterization of H210 (Figure 1-6) can be 

found in PhD dissertations from Boyd’s group172, 194. There are three main reasons for designing a 

different linker for the porphyrin “jaws”: a) to prepare a linker with more flexibility but similar in 
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geometry for binding C60, b) to investigate the binding affinities between different bis-porphyrins 

and C60, and c) to allow for further attachment of secondary donor units.  

The binding of host H210 with guest C60 in toluene was measured by titration to be 3100 

M-1194. This is almost ten times weaker than that of the calix[4]-arene linked bis-porphyrin H21. 

The amide groups in the pyridyl linker of H110 are believed to constrain the flexibility of the bis-

porphyrin “jaws”, making them too rigid and thereby reducing the degree of -overlap interaction 

with the C60 guest. 

The most interesting feature of the pyridyl-linker is nonetheless the ability to coordinate 

an axial ligand. The Boyd group has successfully demonstrated the coordination of a Ru-P to the 

nitrogen on the pyridyl linker, forming a three-porphyrin complex H211 (Figure 1-6). No significant 

change in the binding constant of H211 with C60 was observed compared to H210 since the Ru-P 

does not participate directly in the binding process172.  

Our primary interest in these complexes is whether the sequential ET from Ru-porphyrin 

to the bis-porphyrin cation radical will occur subsequent to the initial PET step, with the goal of 

increasing the charge-separated state lifetimes. This effect is investigated through fsTRA in the 

near-IR for detection of C60
.-. 

 

5.2.1. FsTRA Results of Dyad H210-C60 and Triad H211-C60 

Stock solutions of both bis-porphyrin hosts H210 and H211 were prepared in toluene by 

dissolving approximately 2 mg of the sample. Ten equivalents of C60 stock solution were added to 

the host bis-porphyrins (to overcome weaker host-guest). For coordination of Ru-P, one 

equivalent of Ru-P:H210 was added to the dyad H210-C60 to form the three porphyrin triad H211-

C60. The Soret band measured in the ground state UV-Vis absorption spectrum was observed at 

423 nm for both the dyad H210-C60 and triad H211-C60. Under laser irradiation (λEx = 423 nm) for 4 

hours, the ground state UV-Vis absorption spectrum of both complexes remained unchanged, 

indicating the absence of photodegradation. Therefore, the sample was placed in a static 1 mm 

path length cuvette, diluted with toluene to give 0.8 OD at the Soret band for fsTRA experiments. 

The samples were excited to the S2 state of the porphyrin, with 1 µJ/pulse energy.  
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Near-IR acquisition in the C60
.- absorption region was measured and the kinetics 

extracted. SVD and MCMC analyses yield the same result as before for the triad H29-C60 in 

Section 5.1.1. For the dyad H210-C60, the rise time was fit to 13 ± 0.2 ps, and the decay was 2310 

± 4 ps (Figure 5-2). The charge-separated state lifetime was slightly longer-live compared to the 

calix[4]-arene linked dyad H21-C60, analogue (1.46 ns, Grimm et al.). As a result, this would also 

suggest a weaker electronic coupling in the excited states.  

 In the case of the triad H211-C60, the decay curve was well-fit to a 2240 ± 20 ps lifetime, 

comparable to the charge-separated state lifetime of the dyad H210-C60. The proposed pathway 

of sequential ET did not proceed as anticipated, as seen from the lifetime results. Boyd and co-

workers have confirmed the coordination of Ru-P with H210 through NMR studies, to show 

complete formation of a three-porphyrin complex172. Therefore, the lack of an enhanced charge-

separated state lifetime could simply imply that Ru-P does not contribute to the porphyrin-

fullerene PET.  

 

Figure 5-2 Normalized kinetic traces obtained at 1060 nm of both dyad H210-C60 and triad H211-C60. Fitting 

of the longer decaying part of the curve gave rise to similar lifetimes of ~2 ns for both complexes.   
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5.3. PET in Solid Sate Porphyrin Fullerene Co-crystallates 

The interaction between the common porphyrin, TPP and fullerene to form co-crystallates 

is a fascinating phenomenon first demonstrated by Boyd et al. in 1999174. Common porphyrins like 

TPP form a zig-zag alternative arrangement with C60, but sterically bulky porphyrins such as 

“picket fence” porphyrin (H2TpivPP) form a linear chain with C60 stacked alternatively so that the 

porphyrins are co-planar. The geometries that the different porphyrins adopt with C60 are 

determined by their packing efficiency.  

As mentioned earlier, the zig-zag alternative arrangements discovered in the solid-state 

was the most important precursor for the Boyd group to design self-assembled bis-porphyrins. 

Photophysics of many of these self-assembled complexes has been discussed in this thesis 

(Chapters 3-5). However, all transient absorption experiments were conducted in solution form, 

where factors such as equilibrium dynamic processes and solvent reorganization energies play a 

huge role in the ET process. Therefore, understanding the ET dynamics of donor and acceptor 

molecules in the solid state would be particularly valuable since different factors would be 

involved in the PET process. Moreover, biomimetic pigments in nature such as chlorophyll have 

known to self-assemble to form aggregates where the distance between the chromophores are 

small269-270. As a result, the excitonic couplings are strong leading to the near unity energy 

transfer271. It would be especially motivating to create artificial mimics of this complex 

organization.  

The aim here is to establish a technique to study the photophysics of solid co-crystallates 

of porphyrin and C60 and to understand whether various crystal packing would affect the ET 

dynamics. From there, fundamental knowledge would contribute to designing self-assembled 

solid structures as a means of energy harvesting mimicry. 

The foremost challenge was performing transient absorption measurements with solid 

samples. Absorption measurements require samples to be transparent, thin, and flat for the probe 

laser to transmit through for detection272. In the last three decades, diffuse reflectance laser 

photolysis has been developed by Wilkinson in the nanosecond regime and Masuhara in the 

femtosecond regime for measurements in opaque materials273-276. The only difference in optical 

layout for this technique to the normal transmission mode is the collection optics. A 

photomultiplier tube or array diode is usually placed at an angle in front of the sample to collect 
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diffused reflected light. The major disadvantage of diffuse reflectance spectroscopy is the weak 

signals collected from the reflected light. This often leads to difficulties in analysing the data, 

particularly for low extinction coefficient samples.  

 To overcome the above stated problems, a different sample preparation technique was 

developed for transient absorption measurements for the porphyrin fullerene co-crystallates.  

 

5.3.1. Preparation of Crystalline Samples with KBr 

Three different freebase porphyrins: tetra(o-pivalamido)porphyrin (12), TPP (13), and 

2,8,12,18-tetrabutyl-3,7,tetramethyl-5,15-bis-(3,5-di-tert-butyl-phenyl)porphyrin (14) were 

synthesized for assembling with C60 by Boyd and co-workers (Figure 5-3). The freebase picket-

fence porphyrin was synthesized according to reaction pathways by Collman277-278.  

 

Figure 5-3 Structures of the common porphyrins used for forming co-crystallates with C60: 12, 13, and 14. 

 

Co-crystallates of the porphyrins with C60 were obtained by Leonie Jones in the Boyd 

group from slow evaporation of toluene solutions containing a 1:1 ratio. X-ray diffraction structures 

(Figure 5-4) of 12 and 13 have been published by Boyd et al. in 1999, whereas 14 has been 

recently refined by Boyd.  
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Figure 5-4 X-ray structures of 12.C60, 13.C60 and 14.C60; the illustration on the right shows 

formation of the complex ratio between fullerene (circles) to porphyrin (lines). 

  

 Co-crystallate formation between 12-14 and C60 in the crystal structures show a 1:1 ratio 

in 12.C60 and 13.C60 and a 1:2 ratio was observed for 14.2C60. X-ray data showed that C60 has a 
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close contact with 12 on the planar side of the porphyrin.  In 14.2C60, two of the n-butyl groups 

are pointing towards C60, embracing the molecule. Distances between the porphyrin plane and 

C60 are similar in all three co-crystallates ranging from 2.6-3.1 Å174.  

X-ray structures of the co-crystallates were initially determined before the crystals were 

ground and dispersed in a matrix of KBr weighing 75 mg in total, and pressed to form a disk of 1 

cm diameter. To ensure transmission of the probe light, the samples were made with a 

thickness of no more than 1 mm. This technique creates a semi-transparent sample as shown in 

Figure 5-5. A literature search on using the same technique of pressing solid samples with KBr 

for laser photolysis experiments produced only one article dated in 1991 by Yamada and 

Ohno279. 

 

 

Figure 5-5 Photo of a 1 cm diameter solid disk pressed using 12.C60 co-crystallate with KBr for transient 

absorption experiment.  

 

5.3.2. FsTRA Studies on 12.C60, 13.C60, and 14.C60  

FsTRA were conducted on the solid disks focusing on the near-IR region to observe any 

PET between porphyrin and C60. The samples were excited at 420 nm (Soret band of the 

porphyrin) with a 1 µJ/pulse, similar to the parameters for experiments in solution. For all three co-

crystallates, a broad absorption signal around 1060 nm was observed, attributed to C60
.-. As a 

control experiment, a solid disk prepared with only 12 ground with KBr were performed. No near-

IR signal was observed for the control sample, indicating the broad absorption signal observed for 

the co-crystallates originates from PET. 
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In general, the fulleride peak was broader than that in solution, suggesting the energy is 

more spread out across the absorption cross section. Asahi also reported peak broadening in the 

crystal structure of the charge transfer D-A complex, which was attributed to electronic interaction 

between ionic molecules in the lattice280. The kinetic traces were extracted to fit the decay 

lifetimes (Figure 5-6). SVD analysis of the data gave rise to one singular value and MCMC 

analyses suggested a bi-exponential model. Two decay rates were fit to the data; the shorter 

lifetime lasts for a few ps to tens of picoseconds, and the longer lifetimes which are assigned to 

the charge-separated state lifetime are in increasing order of 14.C60 > 13.C60 > 12.C60. The fitting 

results can be found in Table 5-1.  

 

 

Figure 5-6 (Left) Transient absorption signal of C60
.- of 12.C60 co-crystallate. (Right) Kinetic trace extracted 

from 1060 nm, with bi-exponential decay fitted to 32.5 ± 0.2 ps and 1570 ± 6 ps.  

 

Table 5-1 Bi-exponential decay lifetimes for the porphyrin fullerene co-crystallates ground with KBr. 

Complex 

near-IR C60
.- 

 (ps) –   decay 
2  (ps) –   decay 

12.C60 32.5 ± 0.2 1570 ± 6 

13.C60 3.6 ± 0.1 395 ± 2 

14.C60 9.8 ± 0.1 200 ± 4 

1
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 From the kinetic results, there are significant differences in the lifetime of the charge-

separated state (
2 ) in different crystal packing. There are several reasons which can contribute 

to lifetime variation, which include defects in crystals introduced by the grounding process. 

Defects in crystals and chemical impurities would produce ion trapping sites which undergo rapid 

deactivation to the ground state272. The high intensity of the excitation pulse can also deform the 

lattice structure, creating a close encounter of the donor and acceptor, promoting CR. The shorter 

lifetime observed in the data has not been discussed in literature, and is not well-understood. The 

broad transient signal in the near-IR region could suggest interactions with neighbouring 

molecules or charge hopping, therefore giving multiple decaying rates.   

 A more detailed study on these porphyrin fullerene co-crystallates is needed in order to 

fully understand their photophysical behaviour. Currently, the results were built on the assumption 

that the grounding process with KBr does not deform the crystal packing. Another unclear 

assumption is whether the ion-pair interactions are localized between neighbouring molecules 

and whether exciton-exciton annihilation participates in the charge deactivation process.  

 

5.4. Summary and Future Work 

In the first section of this chapter, two different strategies of making self-assembled triads 

were discussed. The first approach involved a N-trityl unit covalently attached to the meso-

position of the bis-porphyrin. The other synthetic strategy was to link the bis-porphyrin with a 

pyridyl linker, in other to allow coordination of a Ru-P, creating a three-porphyrin host complex for 

C60. Both strategies did not show a secondary PET process to create a long-lived charge-

separated state. From this study, we can conclude that the self-assembly between bis-porphyrin 

and fullerene created a close-distance tightly-bound D-A pair, which is not susceptible to any 

sequential ET from nearby secondary donors.  

Preliminary studies on PET of porphyrin fullerene co-crystallates were also conducted. 

FsTRA experiments were successfully conducted using semi-transparent and thin solid samples 

prepared with KBr and pressed into discs. The charge-separated lifetimes of common porphyrins 

with C60 co-crystallates were extracted, displaying different kinetics that may relate to the various 

packing efficiency. However, in order to fully understand the PET dynamics of the co-crystallates, 
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transient absorption measurements should also be conducted in the UV-Vis region to detect the 

porphyrin transient absorption signatures. In particular, the interaction between neighbouring 

molecules and the decaying kinetics should be further investigated. Crystal structures of the 

ground sample mixed with KBr should also be confirmed by X-ray diffraction measurements in 

order to detect any defects introduced by the grounding process.   
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6. Introduction 

The idea and invention of the first flash photolysis apparatus dates back to the 1950s with 

the renowned Lord George Porter’s use of a high intensity pulsed lamp at 50 µs time resolution. 

Several accounts that described Porter’s work which was awarded a Nobel Prize in 1967 have 

been published281-283. Flash photolysis revolutionized the field of photochemistry and 

photophysics, and became a widely used technique all around laboratories in the world to 

investigate fast kinetic reactions in molecules.  

It was soon realized that a better time resolution than that offered by flash lamps was 

needed to look at transient species with shorter lifetimes. The two main limitations of time 

resolution are the duration of the monitoring flash lamp and response time of the analytical tools. 

The invention of ruby lasers in the 1960’s (694 nm) improved the time resolution to 30 ns for the 

excitation source, but it was not as useful as the probe source as lasers are monochromatic. 

Porter discovered that focusing the ruby laser pulse into a gas filled spark could create a 13 ns 

bright spark. The downside of this setup was the reproducibility of firing the lasers with 

nanoseconds of jitter, and the presence of gaseous emission lines in the spectrum195, 284-285. 

These drawbacks prompted the search for fluorescent materials that have broad spectral 

features. It was then found that by choosing different fluorescent materials; it was possible to 

cover the wavelength range of interest (300-600 nm).  

At present, nanosecond laser photolysis systems have adopted the common solid state 

lasers – particularly Nd:YAG (1064 nm) as the excitation source due to the convenience of 

generating harmonics (532, 355, 266 nm) that happen to be relatively useful wavelengths in 

photochemistry286. Dye lasers or optical parametric oscillators (OPO) are used to generate a 

spectral range of wavelengths for excitation source tunability. For the monitoring source, Xenon 

pulsed lamps are chosen because of their broad spectral bandwidth from UV to nIR. Their 

enhanced output intensity and high stability also make them a good choice. Two types of 

detection systems exist: (1) point-to-point single wavelength detection across a whole region of 

interests, and (2) capturing the whole spectrum data at a single time point. The former method is 

tedious and not ideal for exploratory work where one does not already know a reasonably large 

amount about the transient signals of interest. However, the single wavelength detection method 
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has the great advantage of providing more accurate and detailed kinetic information. In contrast, 

capturing spectral snapshots is great for exploratory work and is also more efficient. This 

technique requires a spectrograph and a CCD camera or array diode, but these can be more 

costly compared to the equipment required for a typical single wavelength measurement 

approach that requires only a monochromator and photomultiplier.  

In the Photon Factory, a fs laser spectroscopy system was already built for TRA 

measurements in the ps to sub-ns time region. Motivated by our research in potentially longer-

lived porphyrin-fullerene complexes, it would be valuable to have an equivalent nsTRA system for 

probing the longer-lived states. The goal then was to construct a ns broadband probe laser for 

spectral detection with CCD to overcome the relatively poor time resolution (~300 ns) of Xenon 

flash lamps. Even though it is possible to gate the acquisition with an optical shutter, this makes 

the optical setup expensive and cumbersome. Therefore, a new fibre-based broadband 

supercontinuum (SC) laser source was constructed as part of a BSc (Hons) project prior to 

commencing this PhD work3. It is also worth mentioning that an existing fs broadband probe with 

a combination of a Q-switched ps pump triggered from the previous fs pulse can be an alternative 

configuration for a ns TRA system. This alternative has the advantage of retaining the most stable 

source (the fs pulses) as the probe.  

 

6.1. Design and Construction of Fibre-based SC  

The construction and characterization of the fibre-based SC laser has been published3. 

Broadband SC is more easily generated using ultrashort pulses in different kinds of nonlinear bulk 

medium287. However, it is a more challenging process when the pulses are three orders of 

magnitudes longer, in the ns timescales. The most common nonlinear medium that has been 

used to successfully generate SC with ns pulses is fibres, particularly PCF. PCFs are highly 

nonlinear due to their smaller-than-standard core diameter (4.8 µm), enabling stronger 

confinement of light in the fibre core. This special property causes spectral broadening and 

frequency mixing in the length of the fibre that generates white light at the output.  

The fundamental laser source is a Q-switched Nd:YAG laser at 1064 nm with 7 ns pulse 

duration at a 20 Hz repetition rate (Quanta-Ray INDI, Spectra-Physics). 10% of the intense beam 
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(420 mJ/pulse) was reflected off a wedge before passing through a variable attenuator and 

focused down to a cleaved single mode fibre (SMF28, Thorlabs). A small section of this SMF was 

spliced onto the 15-m length PCF (dcore = 4.8 µm; Perfos HF148MIC) to act as an optical buffer, 

preventing direct damage of the PCF. A protective enclosure surrounding the bare fibre tip was 

purged with N2 gas before and continuously during SC generation to eliminate dust particles on 

the fibre tip. A schematic of the SC probe line can be found on the instrument diagram in Figure 

6-2.  

 

 

Figure 6-1 Effects of increasing peak pump powers to the broadening of SC spectra as published in the 

Optics Communication paper3. No further spectral broadening or increase in intensity was observed beyond 

4.7 kW pump power. The artifact at ~1000 nm is due to the change in detector in the optical spectrum 

analyser (Si to InGaAs).Reprint with permission. Copyright Elsevier 2014. 

 

 Pumping the fibre with 1064 nm laser pulses generated SC spanning from 600-1600 nm 

at -10 dB intensity. Pump power dependence on the extent of spectral broadening was studied 

and depicted in Figure 6-1.  The SC broadened as pump power was increased, eventually 

reaching a saturation point at 4.7 kW peak power where no further broadening or increase in 

intensity was achieved. The total energy at the saturation point was measured to be 7.5 µJ/pulse, 

with pulse duration of 6 ± 0.5 ns. Stability of the SC pulses was also evaluated to be 9.1% rms 

variation in the pulse-to-pulse power, whereas the spectral shape remained relatively constant 
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over time. The wide spectral range and stability of this SC laser is optimal for spectroscopy 

purposes and thus was implemented into a nsTRA system.  

 

6.2. Optical Setup for Pump and Probe Lasers 

A complete instrument diagram of the nsTRA system can be found in Figure 6-2 for 

reference. To complete the optical layout of the laser photolysis system, another Nd:YAG laser 

(Surelite SL I-20 Continuum, 20 Hz, 7 ns pulse duration, 420 mJ) was chosen as the excitation 

pump source. The fundamental beam was used to generate a second harmonic at 532 nm with 

30% efficiency and separated using dichroic mirrors (Surelite Separation Package) at the output. 

The excitation beam was steered with several mirrors before passing through a variable ND filter 

wheel to enable pump power variation, an iris for cleaning up the beam profile, and a focusing 

lens (f = 250 mm) before reaching the sample stage. After the sample, the pump beam was 

spatially filtered to prevent its entry into the spectrometer.  

For the probe beam, the SC fibre output was first collimated using a reflective collimator 

(RC02FC-P01, Thorlabs). The collimated beam was divided into two beams by a CaF2 plate to 

give the signal and reference beams travelling parallel to the sample stage. Both beams were 

focused through ½ inch lenses (f = 10 mm) into the sample stage, where the signal beam 

overlaps with the pump pulse. After the sample, the beams were re-collimated and coupled back 

into two reflective collimators. The reflective collimators were attached to two multimode fibres (20 

m in length each, NA = 0.39, dcore = 800 µm) wrapped in protected tubes to reach the detection 

instrument (spectrograph and CCD camera), which is located on another optical table shared with 

a time-resolved resonance Raman setup. The multimode fibres were SMA connectorized at the 

spectrometer end, to enable butt-coupling with a 1.5 m length two-leg bifurcated fibre bundle (vide 

infra). The bifurcated fibres were stacked vertically, enclosed in a 10 mm ferrule to fit into the 

spectrometer fibre adaptor plate.   
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Figure 6-2 The new nsTRA system. Both pump and probe lasers are Q-switched Nd:YAG at 1064 nm, 7 ns duration with 20 Hz repetition rate. The pump laser is doubled 

to 532 nm as the excitation beam; the probe laser is used for SC generation through PCF and divided into two beams for signal and referencing. Firing of both lasers is 

controlled by a computer programmed delay generator, and a spectrometer with array CCD is used for detection. A full description of the instrument can be found in the 

text. The abbreviations are: SSP= Surelite separation package, VND = variable ND filter, λ/2= half wave-plate, P1= linear polarizer, L1-6 = focusing lens, SMF= single 

mode fibres, PCF= photonic crystal fibres, MMF= multimode fibres. 
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6.3. Laser Triggering and Time Delays Control 

One of the most important operating conditions in pump-probe spectroscopy is the 

accurate triggering of the pump and probe pulses to achieve reliable time delays between 

excitation and detection. The nsTRA system was electronically controlled, since the picosecond-

nanosecond response time of electronic components can be tolerated for our target time 

resolution of nanoseconds. The selection of suitable electronic components was accomplished in 

collaboration with Peter Hosking (Head Engineer at Photon Factory), and the required user-

interface and instrument programming was done in collaboration with summer scholarship student 

Yongje Kwon (Mechatronics Engineering 4th Year student).  

A four channel configurable pulse generator (Berkeley Nucleonics Corporation, Model 

575) that has a RMS jitter of 50 ps, was programmed via USB in LabView (2014, Version 14.0f1). 

The monitor output from the ns laser flash lamp operating at 20 Hz was used as the input trigger 

source. The pump ns laser flash lamp, pump Q-switch, probe Q-switch, and CCD camera were 

independently controlled using the TTL output channels on the pulse generator.  

There are several operating conditions of the lasers that needed to be taken into 

consideration when programming the timing delays. TTL signal received by the pump laser will 

cause the laser head lamps to flash. This flash lamp signal occurs before lasing by 180 µs. On the 

other hand, the probe laser Q-switch should be delayed by 210 µs after the flash lamps are 

triggered. Both lasers have a timing jitter of less than 1 ns. Taking into account the Q-switch 

delays, an illustration of the timing sequence when pump and probe pulses are overlapped (i.e. 

time zero) is shown in Figure 6-3. The CCD camera is also synchronized to the probe laser flash 

lamp. To obtain a specific time delay, the pump laser flashlamp and pump laser Q-switch triggers 

will be set temporally relative to the probe Q-switch. This configuration limits the longest possible 

probe time delays to a maximum of 30 µs. Currently, an extension algorithm is being developed to 

increase time delays for the system.  
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Figure 6-3 Chronograph of the pump and probe lasers triggering at zero time delay with CCD camera 

exposure set at 5 ms. The monitor output of probe flash lamp was used as the trigger source for the pulse 

generator whereas the CCD, probe Q-switch, pump flash lamp and Q-switch were all independently 

configured using TTL output channels on the pulse generator.  

 

6.4. Spectrometer and CCD Camera setup  

The detection instrument consists of a high resolution spectrograph (Princeton 

Instruments, IsoPlane SCT320) and a multi-array CCD camera (Andor Newton, 971). The 

spectrometer is equipped with a 150 lines/mm grating with 500 nm blaze (Richardson Gratings, 

53-*-201R) and a fibre coupling adapter. The CCD camera is thermoelectrically cooled and is a 

1600 x 400 array of 16 x 16 µm pixels. The sensor is back illuminated with UV coating, and has a 

quantum efficiency of greater than 50% between 400 nm and 880 nm. Although the electron 

multiplication (EM) sensor is available on the CCD, it is not switched on for these experiments.   



 
117 

 

 

Figure 6-4 Two leg fibre bundles each with 7 x 200 µm diameter fibres at the spectrometer input end (left). 

On the right shows one of the bifurcated fibre with SMA connectors for butt-coupling to the 800 µm core 

multimode fibre for probe light collection (see Section 6.2 for text description). Figure reproduced with 

permission from LightGuideOptics Germany GmbH, Industriestrasse 33, D-53359 Rheinbach, Germany. 

 

To enable simultaneous acquisition of the signal and reference beams, a two leg fibre 

bundle (Z-Light/LGO Group, L1500), each with 7 x 200 µm diameter fibres (Figure 6-4) were 

attached to the spectrometer input through a fibre coupling plate. The CCD arrays were divided 

into two tracks, where the top 200 rows reading the signal beam and the bottom 200 rows reading 

the reference beam. Full vertical binning was used for each of the tracks, meaning the pixel data 

of each row is shifted down and added together in the readout register. This method enabled a 

much faster readout rate and also improved the signal to noise ratio.  

 

6.5. Data Processing and Software 

Data processing and software for the nsTRA system were both written in LabView by 

Yongje Kwon. Pixel intensity data acquired from the CCD are used to calculate the change in 

absorption (ΔOD) with the following equation288: 
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To reduce the effects of laser intensity fluctuations upon the small absorption differences 

measured, Equation 6.1 performs spectral intensity normalization of the probe relative to the 

reference for the pump and un-pumped signal. An acquisition cycle for every time delay includes 

complete measurements of all of the variables in the equation. With the reference beam setup, 

this system currently performs with noise levels at 10-4 OD.   

Two other methods for increasing signal-to-noise ratio are also available through the 

control software. The first allows the user to set a number of averages taken for each time delay. 

Increasing the number of averages improves the signal-to-noise ratio of the data. For a signal 

intensity of ΔOD = 0.01, it was found that 100 averages would produce reasonable data. The 

second approach allows a percentage of gross outliers to be removed from within the sample set 

for each time delay. An example for how this algorithm works is described below: 

For a given time delay, 100 averages were taken with 10% gross outliers, which means 

10 traces would be discarded. For each ΔOD trace acquired, the absolute intensity of each pixel 

along the trace was summed up to a scalar number and stored in an array. As this process 

continues up to the 100th trace, the scalar numbers in the array were ordered in increasing values, 

and the top 5 and bottom 5 values corresponding to specific traces will be discarded. The 

remaining 90 traces were then averaged to give the final ΔOD trace.  

Snapshots of the graphical user interface (GUI) of the acquisition software (nsTRA 

version 1.1) are shown in Figure 6-5 and Figure 6-6. Figure 6-5 depicts the 

setup/preparation/testing mode which is primarily used for preparation procedures such as finding 
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time zero, obtaining a ΔOD trace at a specific time delay, and determining the acquisition settings. 

A brief description of each tab in the GUI is listed below:  

 

Acquisition Settings 

Number of Averages per data point – number averages acquired for each time delay. 

Sample Relaxation Time (s) – this is the time between every excitation pulse, which is useful for 

biological samples such as proteins to allow for recovery time.  

% of Gross Outliers to Remove – as described previously, this allows a percentage of extremities 

in a sample set to be removed. 

 

Time-zero settings 

Probe Laser Delay (ns) – setting for time zero, where pump and probe pulses overlapped. 

 

Spectrometer Centre Wavelength Settings 

New Centre Wavelength (nm) – shifting the centre wavelength for the acquisition window. The 

current grating installed is optimized between 350-1000 nm.  

 

CCD Camera Settings 

New Temperature (deg C) – setting the cooling temperature for the CCD camera. 

 

Signal Track – a plot of the SC probe, where it overlaps with the pump pulse at the sample. 

 

Reference Track – a plot of the SC reference beam without any excitation at the sample. 

 

Delta OD Plot – the calculated ΔOD plot according to Equation 6.1. 

 

Run – measuring a single trace of ΔOD at the given delay time and given acquisition settings 

(averages, relaxation time, % gross outliers). 
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Video Mode – continuous acquisition at given delay time displaying ΔOD as it is being calculated. 

 

Stop – cancelling the acquisition in either Run or Video mode. 

 

 The nsTRA acquisition mode (Figure 6-6) automatically imports all current settings that 

were in the preparation mode listed on the right hand panel. To run an acquisition, the user has to 

select a .csv file with desired time delays listed in the first row. After the acquisition has started, 

the left hand panel shows a real time ΔOD plot and the current acquisition status, indicating the 

current time delay. The 3-D colour plot in the middle of the GUI is updated as each time delay is 

completed and added to the plot.  An email notification will be sent to the selected person or email 

address when the acquisition finishes and a prompt will pop up for the user to save the data 

matrix in csv format.   
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Figure 6-5 Graphical user interface of the setup/preparation/testing mode of the nsTRA software. This window is mainly used for preparation steps such as finding time zero, 

setting the acquisition parameters, and viewing a single ΔOD trace at a specific time delay.  
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Figure 6-6 Graphical user interface of nsTRA acquisition mode – left hand panel showing current ΔOD trace and acquisition status, middle panel 3-D colour plot is updated as 

time delays are completed, and the right hand panel shows the acquisition settings. 

 . 
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6.6. Example Spectra for Benchmarking System  

To benchmark the nsTRA system, the molecule chosen was the commonly available 

freebase tetratolylporphyrin (TTP), as it has been widely studied and there are many results from 

literature to which our data can be compared289-290. In addition, one of the calix[4]arene linker 

modified bis-porphyrins, Zn8 discussed in Chapter 4 was investigated out of interest. 

  

6.6.1. Experimental Parameters 

All samples for the nsTRA experiments were prepared in toluene with a high absorption of 

1.8 OD at the Soret band absorption, corresponding to 0.05 OD at 532 nm. The energy of the 532 

nm excitation beam was set to 5 µJ/pulse. For each time delay, 500 averages were acquired. The 

samples were placed in a 1 mm path length cuvette and were not flowed for these experiments. 

Ground state absorption spectra of the sample were measured before and after the spectroscopic 

experiments to monitor photodegradation; none was absorbed.  

 

6.6.2. NsTRA Benchmark Studies Upon TTP 

 

 

Figure 6-7 Free-base tetratolylporphyrin (TTP). 

 



 
124 

 

 The photophysics of TTP (Figure 6-7) has been studied before with absorption and 

emission spectroscopy and it also behaves almost identically to the extensively studied TPP152-153, 

289-292. Several reasons made TTP a good candidate for system benchmarking, including its 

photostability, its significant ground state absorption at 532 nm (the pump wavelength), and the 

multiple excited state signatures that appear in our probe region.  

 Absorption and fluorescence spectra of TTP are shown in Figure 6-8 with their assigned 

bands. The Q-bands absorption are typically 20 times weaker than the Soret bands; only a small 

proportion of molecules were excited when pumped at 532 nm. Photophysics of the similar TPP in 

deaerated solvents has been previously published to be 12.4 ns (benzene), 10.6 ns (methanol) 

and 9.0 ns (propanol) in the singlet state and whereas the triplet state lasted for ms291, 293-294. It 

would thus be rational to compare extracted nsTRA lifetimes obtained using this new setup to this 

literature.  

 

 

Figure 6-8 Ground state absorption and fluorescene spectra of TPP in benzene featuring peaks at Soret (B 

bands) and energy splitting of Q bands. Reprinted with permission152. Copyright 2002 ACS. 

 

 The transient absorption spectra of TTP measured from 540-900 nm after excitation 

appeared to have various excited state absorption and emission signatures characteristic of these 

porphyrins (Figure 6-9). The negative signal at 650 nm can be attributed to ground state bleach. 
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Singlet state absorption signatures appeared in multiple peaks at 570 nm, 630 nm, and 680 nm. 

These signals were globally fitted to a bi-exponential decay giving 
1  = 13.4 ± 2 ns and 

2  = 209 

± 10 ns with similar amplitudes. The rise time for these systems could not be extracted due to the 

timescale of the instrument. The first decay lifetime of 13.4 ns is in good agreement with the 

known singlet state lifetime within experimental errors290. The second, longer-lived component of 

the bi-exponential decay has not been observed in previous studies. Kinetic analysis of the 

ground state recovery at 650 nm also produced as lifetime of 13 ns. 

.  

 

Figure 6-9 NsTRA spectra of TTP in toluene after excitation at 532 nm.  

 

In addition, fitting the positive difference peak at 780 nm to a single exponential decay 

function yielded a similar lifetime of 240 ± 10 ns. The triplet state absorption spectrum of TTP has 

previously been shown to possess a sharp peak at 780 nm, and broader peaks along 500-700 

nm292. Our results are consistent with the assignment of the 240 ns signal at 780 nm to a triplet 

state of TTP; the ~210 ns signal in the 500 – 700 nm region is also assigned to the triplet state.  

Interestingly, the ns lifetime that we observe for this triplet state is much shorter than the reported 

lifetime of 6.6 ms290. This is expected since the nsTRA experiments performed here are in 

oxygenated conditions; the porphyrin triplet is vulnerable to quenching from oxygen to form 
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singlet oxygen species under our conditions. On a whole, the kinetic fittings of the main transient 

signals are summarized in Figure 6-10.  

 

Figure 6-10 Normalized kinetics traces extracted from nsTRA spectra of  TTP  excited at 532 nm up to 3000 

ns. The traces at 570 nm, 620 nm, 648 nm (ground state bleach), and 690 nm, were fitted with bi-

exponential decays with 
1   = 13 ns and 

2  = 200 ns. The decay at 780 nm fitted a single exponential with 

lifetime of 200 ns, assigned to a triplet state that was quenched by energy transfer to produce singlet oxygen. 

 

6.6.3. NsTRA Studies of Zn8 

The photophysics of triad Zn8-C60 has been discussed in Chapter 4 where the charge-

separated state lifetime was evaluated. Recall that the experimental results pointed towards 

similar photophysical properties (little interaction between ferrocene and porphyrin) to the Zn1 

without the ferrocene unit. Here, the longer lifetime behaviour of the bis-porphyrin host only (Zn8) 

was investigated. NsTRA spectrum of Zn8 after 532 nm excitation up to 800 ns is recorded in 

Figure 6-11. Broad absorption signals were observed from 600-900 nm, where the peak centred 

at 850 nm gradually depleted over time.  
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Figure 6-11 NsTRA spectra of Zn8 in toluene after excitation at 532 nm.  

 

 FsTRA studies by Grimm et al. on Zn1 can be used to relate to the transient signals 

produced here238. Singlet-singlet transitions observed between 500 to 810 nm with a lifetime of 

2.4 ns could not be extracted here, since the time resolution of the nsTRA system is 7 ns. 

However, ISC to the triplet manifold at 860 nm that lived for tens to hundreds of µs was reported. 

This signal was clearly observed in the spectra, except the extracted lifetime was 96 ± 4 ns. In 

fact, several traces along the wide absorption signal were extracted and fitted to a single 

exponential with lifetimes of ~100 ns (Figure 6-12).   
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Figure 6-12 Normalized kinetics of Zn8 in toluene at 570 nm, 620 nm, 675, 740 nm, and 860 nm fit to a 

single exponential decay with lifetime of ~100 ns. This was assigned to a triplet state lifetime that was 

quenched by oxygen present in the system. 

 

 Since the experiments were performed in aerated conditions, the shortened lifetime of the 

triplet state can be explained by efficient quenching to form singlet oxygen. The same lifetime 

extracted for the other wavelengths between 570-800 nm was also due to a weak molar 

absorption coefficient of the triplet state.  

 

6.7. Summary and Future Work 

A broadband fibre-based nsTRA system has been designed and fully constructed. The 

system operates at 20 Hz, pumped by two Nd:YAG lasers to give a 532 nm excitation pulse and 

SC probe from 500-1800 nm. Along with a high resolution spectrometer and CCD camera, this 

system performs between 500-900 nm with a time resolution of 7 ns. TTP was chosen to 

benchmark the system, therein successfully extracting the singlet porphyrin lifetime of 13 ns. 

Subsequently, the calix[4]arene linker modified bis-porphyrin host studied in Chapter 4 (Zn8) was 

also investigated. Due to oxygenated conditions in both experiments, the triplet state lifetimes of 
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the porphyrin only lived for ~100 ns. These results demonstrated the capabilities of the nsTRA 

system for measuring long-lived transient absorption species.  

 At the current stage, a new algorithm is being written to extend the time delays between 

pump and probe from µs to a few seconds. Further developments on the system also include 

setting up a dye laser for the selection of wavelengths as the pump beam, and also the 

incorporation of a Xenon pulsed lamp for signal detection in shorter wavelengths region (< 500 

nm).  

 Two collaborations have also been arranged for performing nanosecond laser photolysis 

measurements using this system. The first project is in collaboration with Professor Tom Brittain 

and Anyang Liu (School of Biological Sciences, University of Auckland) to investigate the binding 

kinetics of neuroglobin with oxygen. Understanding the detailed mechanism of oxygen binding 

with proteins has important implications on its role in the human defence and nervous systems. 

The second project is to study the reactivity of photocleavable HNO donor molecules along with 

Professor Nicola Brasch and Ruth Cink (School of Applied Science, Auckland University of 

Technology). The goal is to understand the decomposing mechanism and their rates which are 

typically in the ms time region.  
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Appendix A  

Tables of Ligands/substituents, Bis-porphyrins, and Bis-porphyrin-

Fullerene Complexes 

The tables below list all of the ligands, bis-porphyrin hosts, and bis-porphyrin fullerenes that 

formed the complexes 1-11 discussed in this thesis. A brief description of the identity for each 

molecule and the experiments performed are also listed. 

Note that the formal chemical names of some of the larger and more complicated complexes are 

not listed.  
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Ligands and Substituents 

Abbreviation Chemical 

Name 

Structure Identity Experiment 

ZnP 

 

 

 

 

 

 

 

 

H2P 

5-tolyl,-10,15,-

20-tris-(3,5-di-

tert-butylphenyl) 

Zn(II) porphyrin 

 

 

 

 

5-tolyl,-10,15,-

20-tris-(3,5-di-

tert-butylphenyl) 

porphyrin 

 

 

 

The photoinduced ET donor used in these 

studies. It is linked into a dimer via 

calixerine unit (a “jaws” dimer), and used as 

a host for a fullerene (acceptor) guest in a 

self-assembled complex. It is also modified 

in several experiments, to test structure-

function hypotheses. 

No experiments of this 

compound alone.  

C60 Fullerene C60  One of two photoinduced ET acceptors 

used in these studies. It is part of a self-

assembled complex with a porphyrin dimer 

(donor). 

No experiments of this 

compound alone. It is 

used for self-

assembling with the 

porphyrin dimers to 

test for PET. 
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C70 Fullerene C70 

 

One of two photoinduced ET acceptors 

used in these studies. It is part of a self-

assembled complex with a porphyrin dimer 

(donor). 

No experiments of this 

compound alone. It is 

used for self-

assembling with the 

porphyrin dimers to 

test for PET. 

L F5,11,17,23-

Tetra-t-butyl-

25,27-

di[methoxy(4-

amidophenyl)-

26-28-

dihydroxycalix-

[4]arene 

 

The calixarene linker used to place the two 

“jaws” of the porphyrin host at the correct 

distance and angle to maximize the 

interaction 

No experiments of this 

compound alone; it is 

an integral part of the 

porphyrin dimer used 

in dyads and/or triads 

1-9 

Pyridyl linker N3,N5-

diphenylpyridine

-3,5-

dicarboxamide 

 

 

Another linker used to place the two “jaws” 

of porphyrin host. 

No experiments of this 

compound alone, it is 

an integral part of the 

porphyrin dimer  used 

in dyad 10 and triads 

11 

R 3,5-di-tert-

butylphenyl 

 

Peripheral substituent (meso position) on 

the porphryins used as ET.  

No experiments of this 

compound alone were 

performed.  
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tBu-Py N-(pyridin-4-

yl)pivalamide 

 

A ligand that can be coordinated to the Zn 

in the porphyrin core. 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as a non-ET 

participating ligand. 

Fc-Py 4-(Ferrocene-1-

carboxamido)py

ridine 

 

A ligand that can be coordinated to the Zn 

in the porphyrin core. 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand 

Ph-Fc 4-Ferrocene-

phenyl 

 

Peripheral substituent (meso position) on 

the porphyrins. 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand. 

PhN-Fc 4-ferrocene 

caboxamido-

phenyl 

 

Peripheral substituent (meso position) on 

the porphyrins. 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand. 
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Ph2N-Fc N-(4 

ferrocenphenyl)

benzamide 

 

Peripheral substituent (meso position) on 

the porphyrins. 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as a ET participating 

ligand. 

N-Trityl N-trityl-aniline 

 

Peripheral substituent (meso position) on 

the porphyrins.  

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand. 

Fc-ethynyl ferrocene-

ethynyl 

 

A ligand that is bound to the rim of the 

calix[4]-arene linker 

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand. 
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Fc-

phenylacetylene 

4-

ferrocenylphenyl

-ethynyl 

 

A Ligand that is bound to the calix[4]arene 

rim of the calix[4]-arene linker 

No experiments of this 

compound alone were 

performed. Vide infra 

for experiments in 

which this compound 

is included as an ET 

participating ligand. 

Ru-P 5,10,15,-20-

(3,5-di-tert-

butylphenyl) Ru 

(II) porphyrin 

 

 

A ruthenium porphyrin that can be 

coordinated pyridyl linker.  

No experiments of this 

compound alone were 

performed. This 

compound is included 

as an ET participating 

ligand. 
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Porphyrin Dimers “Jaws” 

Abbreviation Chemical Name Structure Identity Experiment 

Zn1 5,11,17,23-Tetra-

t-butyl-25,27-

di[methoxy(4-

amidophenyl)-

10,15,-20-tris-

(3,5-di-tert-

butylphenyl) Zn 

(II) porphyrin-26-

28-dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, Zn metallated. 

fsTRA :  UV-Vis 

(cyclohexane) 

Zn2 

 

[N-(pyridin-4-

yl)pivalamide]-

5,11,17,23-Tetra-

t-butyl-25,27-

di[methoxy(4-

amidophenyl)-

10,15,-20-tris-

(3,5-di-tert-

butylphenyl) Zn 

(II)porphyrin-26-

28-dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, coordinated with tBu-

Py 

No experiments of 

this compound 

alone.  
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Zn3 

 

[4-(ferrocene-1-

carboxamido)pyri

dine]-5,11,17,23-

Tetra-t-butyl-

25,27-

di[methoxy(4-

amidophenyl)-

10,15,-20-tris-

(3,5-di-tert-

butylphenyl) Zn 

(II)porphyrin-26-

28-dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, coordinated with Fc-

Py 

fsTRA: UV-Vis 

(cyclohexane) 

Zn4 

 

15-Di[4-

Ferrocene-

phenyl]-

5,11,17,23-Tetra-

t-butyl-25,27-

di[methoxy(4-

amidophenyl)-

10,20-di-(3,5-di-

tert-butylphenyl) 

Zn (II) porphyrin-

26-28-

dihydroxycalix-

[4]arene 
 

The parent bis-porphyrin host 

complex, with Ph-Fc 

substituted at the meso-

position. 

No experiments of 

this compound 

alone. 



 
140 

 

H25 15-Di[4-

Ferrocene-

phenyl]-

5,11,17,23-Tetra-

t-butyl-25,27-

di[methoxy(4-

amidophenyl)-

10,20-di-(3,5-di-

tert-butylphenyl) 

Zn (II) porphyrin-

26-28-

dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, with PhN-Fc 

substituted at the meso-

position. 

No experiments of 

this compound 

alone. 

H26 15-Di[4-ferrocene 

caboxamido-

phenyl]5,11,17,23

-Tetra-t-butyl-

25,27-

di[methoxy(4-

amidophenyl)-

10,20-di-(3,5-di-

tert-butylphenyl) 

porphyrin-26-28-

dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, with Ph2N-Fc 

substituted at the meso-

position. 

No experiments of 

this compound 

alone. 
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H27 

 

5,17-Di(ferrocene-

ethynyl)-25,27-

bis[methoxy(4-

amidophenyl)-15-

tolyl-10,20-di-(3,5-

ditert- 

butylphenyl) 

porphyrin]-26-28-

dihydroxycalixare

ne 

 

The parent bis-porphyrin host 

complex, with Fc-acetylene 

appended at the calix[4]arene 

rim of calix[4[arene linker. 

No experiments of 

this compound 

alone. 
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Zn8 5,17-Di[(4-

ferrocenylphenyl)-

ethynyl]-25,27-

bis[methoxy(4-

amidophenyl)-15-

tolyl-10,20-di- 

(3,5-di-tert-

butylphenyl) Zn(II) 

porphyrin]-26-28-

dihydroxycalixare

ne 

 

The parent bis-porphyrin host 

complex, with Fc-

phenylacetylene appended at 

the calix[4]arene rim of 

calix[4[arene linker. 

NsTRA: UV-Vis 

(toluene) 
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H29 15-Di[N-trityl-

aniline]-

5,11,17,23-Tetra-

t-butyl-25,27-

di[methoxy(4-

amidophenyl)-

10,20-di-(3,5-di-

tert-butylphenyl) 

porphyrin-26-28-

dihydroxycalix-

[4]arene 

 

The parent bis-porphyrin host 

complex, with N-Trityl 

substituted at the meso-

position 

No experiments of 

this compound 

alone. 

H210 (N3,N5-

diphenylpyridine-

3,5-

dicarboxamide)- 

10,20-di-(3,5-di-

tert-butylphenyl) 

porphyrin 

 

Porphyrin dimers that are 

bound with the pyridyl linker 

No experiments of 

this compound 

alone. 
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H211 5,10,15,-20-(3,5-

di-tert-

butylphenyl) Ru 

(II)porphyrin(N3,N

5-

diphenylpyridine-

3,5-

dicarboxamide)- 

10,20-di-(3,5-di-

tert-butylphenyl) 

porphyrin 

 

Pyridyl linked bis-porphyrin 

coordinated with Ru-P. 

No experiments of 

this compound 

alone. 
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Bis-porphyrin Fullerene Complexes 

Abbreviation Structure Identity Experiment 

Dyad Zn1-C60  

 

 

Self-assembled dyad of Zn1 

with C60 

fsTRA: UV-Vis 

(cyclohexane) and near-

IR (toluene and 

cyclohexane). 

Dyad Zn1-C70 

 

 

 

Self-assembled dyad of Zn1 

with C70 

fsTRA: near-IR 

(cyclohexane) 
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Dyad Zn2-C60 

 

 

Self-assembled dyad of Zn2 

with C60 

fsTRA: near-IR (toluene 

and cyclohexane) 

Triad Zn3-C60 

 

 

Self-assembled triad of Zn3 

with C60 

fsTRA: UV-Vis 

(cyclohexane) and near-

IR (toluene and 

cyclohexane) 
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Triad Zn3-C70  

 

 

Self-assembled triad of Zn3 

with C70 

fsTRA: near-IR 

(cyclohexane) 

Triad Zn4-C60 

 

 

Self-assembled triad of Zn4 

with C60 

fsTRA: near-IR (toluene) 
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Triad H25-C60 

 

 

Self-assembled triad of H25 

with C60 

fsTRA: near-IR (toluene) 
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Triad H26-C60 

 

 

Self-assembled triad of H26 

with C60 

fsTRA: near-IR (toluene) 
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Triad H27-C60 

 

Self-assembled triad of H27 

with C60 

fsTRA: near-IR (toluene) 
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Triad Zn8-C60 

 

 

Self-assembled triad of Zn8 

with C60 

fsTRA: near-IR (toluene) 
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Triad H29-C60 

 

 

Self-assembled triad of H29 

with C60 

fsTRA: near-IR (toluene) 

Triad H210-C60 

  

 

Self-assembled dyad of H210 

with C60 

fsTRA: near-IR (toluene) 
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 Triad H211-C60 

 

 

Self-assembled triad of H211 

with C60 

fsTRA: near-IR (toluene) 
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Appendix B  

Binding Constants of Self-assembly Zn3-C60  

 

 

Scheme 3-1 Equilibrium processes in the formation of the host-guest complex to form either the Zn2-C60 or 

Zn3-C60 in solution. Reproduced from Chapter 3.  

  

Solvent K11 K21 K’F  

Toluene   C60 

Fc-Py 23,650 4,400 25,000 

tBu-Py 8165 2113 28,000 

Cyclohexane   C60 

Fc-Py 106,400 13,600 188,149 

tBu-Py 26,438 7,265 1,321,217 

KM 

KF K’11 K’21 

K11 
K21 K’F 

L= 

R’, Fc-Py 

= 

R = 

R’, tBu-Py 

= 
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Toluene   C70 

Fc-Py   289,500 

Cyclohexane   C70 

Fc-Py   23,094,794 

 

Solvent KF  K’11 K’21 

 C60   

Toluene 17,950 63,063 9,502 

Cyclohexane 1,815,106 52,068 8500 

 C70   

Toluene 214,500 82,250 8,400 

Cyclohexane 4,317,136 148,733 15,085 

 

Table A1. Binding constants (M-1) for the equilibrium process after addition of C60 and C70 in toluene and 

cyclohexane.  

 

 
  



 
156 

 

Appendix C 

Copyright Permission for Reprinted Figures 

 

In this thesis, there are eight figures (Figure 1-10, 1-17, 1-18, 1-19, 3-1, 3-2, 6-1 and 6-8) which 

were reprinted from journal articles. Copyright permissions were obtained from Nature Photonics, 

Elsevier and the American Chemical Society. A copy of the permission forms for each figure can 

be found below.  
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Permission for Figure 1-10 
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Permission for Figure 1-17 
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Permission for Figure 1-18 
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Permission for Figure 1-19 
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Permission for Figure 3-1 and 3-2 
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Permission for Figure 6-1 
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Permission for Figure 6-8 
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