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Abstract 

 

The work presented in this thesis encompasses an investigation into a number of 

porphyrin species.  All of this work has a central focus on analysis of the porphyrin 

electronic structure and within the context of photovoltaics.  The first exemplar of 

structures encompasses a series of Zn(II) tetraphenyl porphyrins which have 

asymmetrically substituted meso groups.  The dihedral angle between the porphyrin 

macrocycle and the meso binding functionality has been shown not to infer any 

insulating properties towards delocalisation of the excited state.  It is proposed that the 

electron withdrawing ability of the carboxylate unit is more than sufficient to overcome 

the poor π-overlap between the aromatic units.  The inclusion of redox active 

functionalities at the distal meso site is shown to affect the energy and nature of the 

oxidised porphyrin species.  It does so without almost any effect to the excited state 

properties of the structure.  Both of these findings are important within the context of 

electroactive porphyrin chromophores.   

The second major family of porphyrins studied consists of functionalisation at the 

various β positions.  The use of electron withdrawing and donating groups (cyano and 

thio ether respectively) has the expected effect on the electronic structure of the 

porphyrin macrocycle. All visible electronic transitions are red shifted compared to the 

parent species, with a strong enhancement in the intensity of the Q bands observed.  

This is explained by a loss in degeneracy of the eg orbital set and a further splitting of 

the a1u/a2u MOs.  Likewise the electronic properties have a substantial effect on the 

geometry of these porphyrin species.  Further functionalisation of these species with a 

conjugated linker at another β position has a major effect on the electronic structure.  

The previously egx MO mixes with substituent based orbitals and splits into two new 

MOs with mixed porphyrin/substituent character.   

The ground and excited state electronic properties of a set of Ru(II) porphyrins was also 

investigated.  A similar electronic effect of conjugated β substituents to that presented 

above was also observed.  Extensive DFT calculations have shown that π-withdrawing 

axial ligands act to lower the energy of the metal based dπ MOs below that of the a1u/a2u 

orbital set.  This is also manifested in the excited state where calculated T1structures can 
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be characterised as either π,π* (σ-donating axial ligands) or dπ,π* (π-withdrawing axial 

ligands).  The β substituted species have the same general characteristics of their parent 

macrocycles but their excited states are substantially delocalised across the conjugated 

unit and consequently are of lower energy.  Extended resonance Raman experiments on 

the β substituted structures showed that the FC state of the Soret band is substantially 

delocalised across the substituent, in contrast to a rather localised Q state.   

Chapter 6 is involved with the investigation of a series of free-base and Ni(II) N-

confused porphyrins (NCPs).  DFT calculations have shown that the free-base NCPs 

show significant deviation in the energy and nature of the frontier molecular orbitals.  

The Ni(II) NCPs are not as well perturbed and presumably the Ni(II) ion acts as a 

scaffold to the conjugated macrocycle preventing major perturbation of the FMOs.  An 

extensive resonance Raman study (the first of this porphyrin family) has established that 

structural differences to the parent porphyrin macrocycles are restricted to the external 

bonds of the porphyrin core.  Despite the analogous loss in symmetry with chlorin 

macrocycles the NCPs displayed only minor variations in the energy of key marker 

bands, giving credence to the theory that the electronic structure of the ring is more 

important in defining vibrational energy compared to symmetry-species mode 

enhancement.  These materials have been used in ternary blend bulk heterojunction 

solar cells and a model accounting for energy considerations of exciton formation was 

used to explain variations in device performance.  The results of this have shown that 

there is a positive correlation between the calculated ionization potential of the 

porphyrin component and the Voc of the device.  With a related negative correlation 

between electron affinity and Isc also determined.   

The final chapter describes a theoretical construct which is concerned with 

establishment of a Marcus-Hush model to account for the electron injection rate from an 

absorbed dye into TiO2 within the DSSC device.  This model has been developed in 

conjunction with some limited experimental data and shows that complete energetic 

coupling of the excited state of the dye, ES* and the TiO2 conduction band, ECB is 

achieved at an energy ES*>ECB+2λ.  It has also been demonstrated that only a weak 

electronic coupling between the dye and the semiconductor is required as the large 

number of accepting states ensures that the electron transfer will always be 

activationless and the process is entropically driven.  Both of these findings are in direct 

contrast with synthetic design parameters (all based on empirical evidence) found in the 
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literature and go some way in establishing a more complete model of desirable dye 

characteristics within these devices. 

A new method to determine the complete potential energy surface of large, complex 

molecules which exhibit structural changes with differing electronic configuration has 

also been developed.  This is achieved by taking a projection of the total PES and 

condensing it to a single dimension.  This allows for a fast, computationally efficient 

method to determining PES of large molecules, something that up this point was not 

easy to achieve. A case study of Re(CO)3Cl(2,2’-bipyridine) showed that the calculated 

potentials were largely harmonic in nature.  This occurs since the structural distortions 

between geometric minima are multidimensional, overlaying a number of orthogonal 

anharmonic potentials will result in a harmonic surface.  Surprisingly the degree of 

anharmoncity of a PES depends on the electronic configuration of that particular 

surface.  This can be accounted for by considering how well the bond order of an 

electronic configuration is coupled to the structural distortion across a particular PES.   
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Chapter 1  

 

Introduction 

 

1.1 Global Demand for Renewable Energy 

Over the last 20 years there has been a global increase in the demand for energy largely 

due to emerging economies such as China and India, as well as those living in 

developed regions.  In concert to this there is a growing concern for the effect of human 

activity on the environment, especially with regard to CO2 emissions from fossil fuel 

consumption.  The current atmospheric CO2 concentration is approximately 35% above 

preindustrial levels1,2 (388 ppmv vs. ~280 ppmv) and continues to rise3.  The 

intergovernmental panel on climate change (IPCC) has laid out a pathway for future 

population and economic growth within the bounds of prospective energy efficiency4; 

within this framework a sensible objective is to limit the CO2 levels to 500 ppmv or 

lower, by 20505.  This is considered to be the upper bound in concentration which will 

limit global temperature rise to 2oC.  To achieve this end, power generation from carbon 

neutral sources of energy is required to be of the order of 15 TW5.  Considering that 

current power generation from all sources is of a similar value (~15 TW) the challenge 

for renewable energy sources to bridge this gap is appreciable. 

There are a number of current energy generation technologies which are carbon neutral, 

all of which have their advantages and potential pitfalls.  At present, nuclear power 

holds the dominant stake in this field.  Global power output from this source is 0.8 TW 

but is being phased out of use in many developed countries.  The financial (and 

technological) cost of implementing nuclear power plants limits this form of energy 

generation to relatively wealthy countries.  Likewise the scarcity of terrestrial uranium 

(current estimates suggest only ~100 years of ore remaining, assuming consumption at 

the current rate6) makes it exceedingly unlikely that this type of technology will make a 

major contribution to the 15 TW required in the next 50 years.   
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Hydroelectric power, despite being the major form of generation in New Zealand7 also 

falls short of overcoming this energy deficit.  Current estimates for generation from all 

hydrological sources is around 0.9 TW, of which 0.6 TW has already been realised8.  

Biofuels have become the fastest growing sector of renewable energy and are likely to 

become part of the future energy portfolio.  However the amount of land area required 

to produce “energy crops” exceeds currently available arable land.  Furthermore, with 

the growing global population and appearances of food shortages this is not a viable 

large scale solution.  Likewise, geothermal power is restricted to locations of suitable 

geological characteristics.  Wind generation is an established renewable energy and is 

already incorporated on the medium to large scale.  Due to its technological precedent, 

wind is likely to form a major part of the global energy portfolio in the short to medium 

term.  Estimates of potential power generation from wind range from 2 TW8 to 72 TW9.  

However, a number of variables mean that the lower estimate is likely to be closer to the 

total amount we can expect in the future. All of the above examples have intrinsic 

shortcomings which discount them as viable solutions for future large scale energy 

production, though in some cases they may be suitable for small communities. 

Approximately 120,000 TW of solar radiation reaches the earth’s surface.  Recent 

estimates suggest that the entire global power requirements can be realised by covering 

0.6% of the Earth’s land mass with solar cells of 8% efficiency10.  Photovoltaics offer 

possibly the only scalable technology to fulfil the future need in electricity generation.  

However, as with any other technology, solar does have its downsides.  One of the most 

problematic is its intermittency; it is not an effective electricity generating technology 

during the night hours or under very low light conditions.  There are also issues of 

power storage, which although important, is beyond the scope of this thesis.  Economic 

considerations are also one of the major problems challenging the wide spread uptake of 

this technology.  A full economic breakdown of this issue is beyond the scope of this 

discussion but in simple terms coal and gas electricity generation costs between 2-5 US 

cents per kilowatt hour (¢KWh).  Compare this to current photovoltaic technology 

(crystalline silicon solar cells) which costs around 35¢KWh, a large scale uptake of this 

technology is unlikely to occur while this economic disparity exists11.   

Despite projections that the cost of crystalline silicon solar cells will decrease over the 

coming years, a paradigm shift in technological achievements is required for the 

economics of solar power generation to approach that of fossil fuels.  Organic 

photovoltaics (OPVs) may offer the possibility of this paradigm shift as they can be 
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manufactured with low cost materials and techniques (such as roll to roll printing).  Two 

‘organic’ types of solar cells are being developed: the dye sensitised solar cell (DSSC), 

and bulk heterojunction solar cells, both will be discussed here.  

  

1.2  Dye Sensitised Solar Cells 

Dye sensitised Solar Cells (DSSC) offer a potentially attractive alternative to existing 

photovoltaic architectures.  The seminal paper by O’Regan and Grätzel12 brought the 

attention of the scientific community to these type of devices, though the basic design 

can be traced back to Fujishima and Hondas’ electrochemical cell13. 

The primary commercial incentive for this type of device is that in theory they can be 

produced at a fraction of the cost of current crystalline silicon cells.  They also offer 

additional positive traits over existing technology such as the ability to work under low 

light conditions and in extreme conditions, while their stability under working 

conditions has already been proven.   

Figure 1.2.1 depicts the structural arrangement of a DSSC device as well as an energy 

schematic of the various electron transfer pathways.  A DSSC device generally consists 

of a nanoparticulate anatase (TiO2) film on which a light absorbing sensitiser is 

chemisorbed to the surface (usually a carboxylate species).  The use of a nano-porous 

semiconductor is crucial to the performance of the device as this allows a much greater 

surface coverage of the sensitiser compared to using a flat, crystalline plane.  The 

anatase layer (with the dye) is deposited onto a transparent conducting oxide layer 

(usually indium tin oxide, ITO) which is usually doped with a small amount of fluorine 

to form the anode of the cell.  This TiO2/dye system is then sandwiched between 

another ITO plate (often with a layer of carbon or platinum) forming the cathode.  A 

small amount of aqueous electrolyte (usually a I-/I3
- redox couple) allows interfacial 

continuity between the TiO2/dye composite and the cathode.   
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Figure 1.2.1:  Right:  Diagram depicting the structure of a DSSC, adapted from Grätzel 

et al14.  Left:  Energy schematic of the operation of the DSSC with electron transfer 

processes depicted, numbering for the transfers is described in the text. 

 

Electricity is generated from the cell through the various processes depicted in Figure 

1.2.1, the numerical notation relates to the various electron transfer processes discussed 

here.  (1) An incoming photon of suitable energy excites the dye from its ground state 

(D/D+) to an excited electronic state (D*/D*+).  (2) If this state is higher in energy than 

the conduction band (CB) of TiO2 the excited electron will be injected into the CB and 

diffuse through the TiO2 structure to the anode.  (3)  Connected to an external circuit the 

electrons will travel towards the cathode, losing energy as work.  (4) Arriving at the 

cathode the electron reduces I3
- to I- (5) which will diffuse through the electrolyte to 

reduce the dye back into its ground state and thus completing the cycle.   

However there are a number of deactivation pathways which do not lead to production 

of electrons getting to the anode.  (6) If the excited state is extremely short lived or has 

poor electronic coupling to the TiO2 CB the excited state will relax back to the ground 

state without injection of an electron.  (7)  Likewise if the electron does not diffuse from 

the TiO2/dye interface fast enough it can reduce the oxidised dye back into its ground 
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state, (8) or reduce I3
- to I- without travelling through the external circuit.  Fortunately 

the productive pathways are kinetically more rapid than the deactivation processes 

leading to net charge generation.  These kinetic pathways will be important in the 

content of later chapters, as such, some preliminary features will be discussed here. 

There has been a lack of agreement in the literature regarding the absolute rate of 

electron injection (2), kinj.  Published results on the N3 dye (Figure 1.2.2) have varied 

between <250 fs15 and 150 ps16 depending on the cell conditions and the spectroscopic 

measurement.  The observed kinetics are usually shown to be biphasic, with a fs ‘fast’ 

component and a slower rate of ps-ns of which has been quoted to contribute 5-65% of 

the quantum efficiency of injection.  The initial assignment of this data was the fast 

component was indicative of singlet state injection and the slower process was injection 

out of the triplet state after intersystem crossing had occurred17-20.  However, a TA 

study completed by Wenger and co-workers have shown that the slower component is 

highly sensitive to the method of dye adsorption and suggests this process arises from 

injection from the aggregated state of the dye21.   An analysis of the processes in DSSCs 

has led to the suggestion that the kinj is only required to be ~x100 the charge 

recombination rate (6), kCR, for almost unity electronic injection to be achieved.  

Anything faster than this has been termed by Durrant and co-workers as ‘kinetic 

redundancy’22 as a faster kinetic pathway is redundant to the overall quantum yield of 

the cell.  The N3 dye (Figure 1.2.2) is an example of a kinetically redundant system, its 

excited state is stable over 3-5017,23 ns yet its slowest reported kinj measured using time-

resolved absorption spectroscopy is 150 ps16. 

Moreover, regeneration of the dye (5) must compete with back electron transfer from 

the semiconductor surface (7), kbet.  These two processes are largely kinetically distinct 

with the former operated on the µs timescale22,24 while the latter occurs over the much 

longer, ms time regime25.  Ultimately the reduction of the I3
- redox mediator must occur 

favourably from the cathode (4) rather than the anode (8) surface, i.e. it will not react 

with the injected electrons23.  These can potentially operate along the same time scales 

and it has been suggested that (8) is the dominant loss mechanism within the DSSC26.  

Although this fact means it worthy of investigation in the drive to develop more 

efficient DSSCs it is not the form of research investigated in this thesis.      

The I-/I3
- couple has been the redox mediator of choice in almost all reports of DSSCs 

due to the unavailability of a suitable alternative.  Some reports of superior electrolytes 
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have been published (the recent use of Fc/Fc+ is a notable example27) but are usually 

confined to special cases.  I-/I3
- excels as a mediator as it is thermally stable, has a low 

vapour pressure, is non-toxic and chemically inert.   That is not to say that the I-/I3
- 

redox couple does not have its limitations.  I-/I3
- has been found to have a corrosive and 

desorption effect on the dye over time and is also believed to promote the deactivation 

pathway (8) over related redox couple systems28,29.  This has led to a recent resurgence 

in the literature on alternative electrolytes, especially in non-aqueous systems.  Recent 

reports have shown operational devices utilising ionic gels30 and liquids31,32, molten 

salts33 and organic hole transporting materials34.  The electro-active polymers when 

used in concert with organic sensitisers have produced a noteworthy 4% power 

efficiency.  The use of PEDOT (poly(2,4-ethylenedioxythiophene)) as a hole 

transporting material is currently being extensively researched and has displayed some 

promising initial results35.  However all solid state transport materials utilised in DSSCs 

suffer from fast interfacial recombination which limits the overall efficiency of the cell, 

at present this is a vexing problem.   

 

N
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Figure 1.2.2: cis-Ru(2,2’-bipyridyl-4,4’-dicarboxylic)2(NCS)2 also known as the N3 

dye 

 

Much of the work focused on DSSC development is concerned with devising alternative 

sensitisers to yield an improvement in cell efficiency. Until recently36 no sensitiser has 

surpassed the 11.4% light harvesting efficiency of the N3 dye (Figure 1.2.2) first 

proposed in Grätzel’s 1991 paper12.  There are a number of attributes a dye must 

possess to be considered as suitable within a DSSC device14: (1) It must absorb light 

over the visible range, desirably covering as much as the solar spectrum as possible; (2) 

The visible electronic transitions should have significant oscillator strength to enable the 
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use of thin films of TiO2/dye.  This is advantageous, as it minimises charge 

recombination losses and allows for suitable penetration of the electrolyte into the TiO2 

pores; (3) upon excitation (its excited state should be of a higher energy than the CB) it 

should inject electrons at 100% efficiency.  Its redox potential should be of a suitable 

energy to be efficiently regenerated via the electrolyte redox couple and should contain 

chemical groups which can tether themselves to the TiO2 surface.  For a commercial 

(and real-world) application a dye should be stable enough to sustain 108 turnover 

cycles, or approximately 20 years of solar irradiation use.  Dyes such as N3 and related 

Ru(II) polypyridyl based materials have all of these attributes and routinely yield 

devices with efficiencies of 10-13%37.  DSSCs utilising these dyes have met with some 

commercial success38, however a global scale up of devices utilising these dyes would 

be economically unfeasible due to the high cost of the Ru(II) starting material39 and the 

synthetic complexity of the sensitiser.  In light of this there has been an extended focus 

on developing organic-only based dyes which do not have the complications of an 

expensive raw material.  Porphyrin-based dyes fit into this category and are the focus of 

this thesis.  In addition to the materials described above there are also a number of other 

organic dye motifs which are being developed to meet this need such as thiophenes40,41 

and triphenylamine42 based materials. 

 

1.3 Electronic Structure of Porphyrins 

Porphyrins based compounds (and their derivatives) can be found in all forms of nature 

and are present in many biologically important pathways43.  An example is the family of 

chlorophylls (a form of reduced porphyrin), these are the light absorbing pigments used 

to drive photosynthesis in plants and algae.   

 

 

Figure 1.3.1: Structure of a generic metalloporphine with symmetry axis and labels 

showing the α, β and meso positions.  
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The parent macrocycle, known as porphine, Figure 1.3.1 is made up of four pyrrole 

rings interconnected through methine bridges to give a 22-π- electron ring.  However 

the delocalisation pathways which exist only ever support 18-π electrons44.  The nature 

of the macrocycle allows for metallation at the centre.   

Substituted porphines are known as the porphyrins.  The two most common forms of 

porphyrins are symmetric substitution with aromatic groups at the meso position, to 

yield the tetraphenylporphyrins (TTP) or alkyl chains at the β position, as is the case of 

the octaethylporphyrins (OEP).  These substitution patterns are largely determined by 

the synthetic pathways utilised to construct them.  The TTPs and OEPs are the dominant 

form of porphyrins detailed in the literature as they display improved solubility and 

easier synthetic procedures compared to porphine.          

Porphyrins have a distinctive electronic absorption spectrum, in a typical case (i.e. 

ZnTPP) the absorption spectrum is characterised by an intense ‘B’ band (Soret band is 

also a term used) typically appearing at 400-450 nm with a molar extinction coefficient 

of the order of 105 L mol-1 cm-1, a vibronic overtone is sometimes also observed as a 

shoulder to the blue edge of the B band.  To the red of this band are some features of 

weaker intensity known as the ‘Q’ bands.  Their intensity is typically 103 L mol-1 cm-1 

and usually appear between 500 and 650 cm.  Porphyrins of D4h symmetry (such as the 

unsubstituted metalloporphyrins studied herein) give rise to two Q bands; the pure 

electronic transition Q(0,0) and a vibronic overtone Q(1,0).  In species where the 

symmetry is lowered to D2h (such as with freebase porphyrins), the Q bands are split 

into x and y polarised components and the number of bands observed increased to four 

(Qx(0,0), Qx(1,0), Qy(0,0) and Qy(1,0)). 

Despite the fact that the unique electronic absorption properties of porphyrins made 

them attractive systems for study by physicist and chemist alike, it was a number of 

years before a cohesive quantum model was developed to account for the observed 

spectra.  In 1959 Gouterman published his landmark paper describing the “four orbital 

model” (FOM) which explains the electronic absorption spectra of porphyrins and 

accounts for (and predicts) effects of simple modification to the porphyrin core45.  The 

FOM will be used extensively herein to account for observed features so it is useful to 

explain it in some detail.   

An initial attempt to understand the spectral features was to employ a free electron 

theory (FET) of aromatic systems (see Figure 1.3.2) and apply this to the porphyrin 
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macrocycle46.  This model treats the system as free particles (electrons) moving in a 

circular path (the macrocycle).  Due to spatial quantization, the angular momentum of 

the electrons are confined to energy levels ℓ = 0, ±1, ±2, ±3... with two electrons 

occupying each state.  The differing signs account for the fact the electrons can possess 

angular momentum quantum numbers of opposite phase, each of which are degenerate 

in energy.  The 18π electrons fill the lower states and the four lowest transitions are 

between the ℓ = ±4 and ℓ = ±5, two of which have Δ ℓ = ±1 and the others have Δ ℓ = 

±9, the Laporte selection rule means only the former transitions are allowed (Δ ℓ = ±1).  

If linear combinations of the transitions are taken (otherwise known as a configuration 

interaction, this will be discussed in detail later in this section) the two allowed 

excitations combine to give an intense, high energy transition (B band) while the 

forbidden contributors combine to give a weak low energy band (Q band).  FET 

correctly accounts for the energy and strength of the visible transitions.  However there 

are no details in the model to account for the polarization and multiplicity of the Q 

bands. 

Treatment of the FET in concert with Hückel theory to transform from the ℓ defined 

energy levels into molecular orbitals can explain for the correct orbital energy and 

structure of the frontier molecular orbitals47.   However such a treatment was unable to 

correctly account for the relative intensity (allowedness) of the B and the Q bands. The 

FOM as devised by Gouterman (see Figure 1.3.4) takes the desirable attributes from 

FET and Hückel theory in a model that adequately describes the observed optical 

spectra.  The FOM does however contain some assumptions which need to be 

considered.  First, metalloporphyrins are considered entirely within the D4h symmetry 

group (freebase species are D2h).  Secondly, the visible π-π* transitions arise from 

excitations within the four ‘frontier’ molecular orbitals (FMOs); HOMO-1 to LUMO+1, 

these transform as the a1u, a2u, egx and egy symmetry species respectively.  The FOM 

considers the eg orbital set and the a1u/a2u orbital set as two degenerate pairs.  Even 

though degeneracy is imposed on the a1u/a2u set, it is not strictly degenerate but is 

considered as such within the model.  The a2u→ eg and a1u→ eg excitations give rise to 

the 1(a2ueg) and 1(a1ueg) degenerate singlet excited states. 
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Figure 1.3.2: Left: The molecular orbitals, ℓ = 0, ±1,...,8 of porphine as determined via 

Free Electron Theory (FET), allowed excitations are depicted in bold, red arrows while 

the dashed arrows are the forbidden transitions.  Right: Loss of degeneracy of the 

frontier molecular orbitals due to metallation with symmetry labels of the orbitals.  

Labels relate to orbitals depicted in Figure 1.3.3.  Adapted from Milgrom48. 

 

  
                 egx                   egy 

  
                  a2u                  a1u 

 

Figure 1.3.3: Depiction of the frontier molecular orbitals of Zn porphine calculated at 

the B3LYP/6-31g(d) level of theory.   
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In order to accurately describe the absorption spectra Gouterman invoked a 

configuration interaction between the 1(a2ueg) and 1(a1ueg) states.  That is, “the mixing of 

many-electron wavefunctions constructed from different electronic configurations to 

obtain an improved many-electron state”49.  This can only occur between states of the 

same symmetry, combination of the two singlet states transform to Eu, which is allowed 

under the D4h point group.  Applying the configuration interaction (CI) of these states 

under Goutermans’ strict assumptions yields the B and Q state band intensity for the x-

polarised transitions (the y polarised expressions are identical except the polarisation of 

the eg terms are reversed) while assuming equal contributions from the two 

configurations: 

 

푞(퐵 ) =
1
√2

(푑 + 푑 ) 

          (1.3.1) 

푞(푄 ) =
1
√2

(푑 − 푑 ) 

          (1.3.2) 

 

where d1 and d2 are the transition dipole moments for the two excited electronic 

configurations 

 

푑 = a e 퐇 훹ퟎ  

          (1.3.3) 

푑 = a e 퐇 훹ퟎ  

          (1.3.4) 

 



12 
 

 

Figure 1.3.4: Energy schematic of the four orbital model with mathematical parameters 

described in equations 1.3.5-13. 

 

Under the assumption of D4h symmetry and degenerate egx/egy and a1u/a2u orbital sets, 50 

d1=d2, q(Q0) is evaluated to zero and only the B band is allowed.  However since the 

two occupied FMOs are not strictly degenerate the Q band is allowed, all be it as weak 

transition.  From this it can be deduced that lifting the degeneracy of the singlet states 

will increase the intensity Q band.  Metallation lifts the degeneracy of the a1u/a2u orbitals 

and explains why metalloporphyrins exhibit a stronger Q band compared to the 

respective freebase species.  Q band intensity can also be borrowed through vibronic 

coupling to various high-energy vibrations.  The energies of the B0 and Q0 states, and 

hence the energies of the respective transitions can be expressed as:  

 

퐸(퐵 ) = A′ + A"  

          (1.3.5) 

퐸(푄 ) = A′ − A"  

          (1.3.6) 

 

Where the parameters A1g,  A’1g and A”1g are modulated with respect to the energy of 

the electronic configurations (i.e. 퐸 a e ) and molecular orbitals (i.e. 퐸 e ). 
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A =
1
2 퐸 a e + 퐸 a e  

           

=
1
2 2퐸 e − 퐸(a ) − 퐸(a )  

          (1.3.7) 

A =
1
2 퐸 a e − 퐸 a e  

            

=
1
2 퐸(a ) − 퐸(a )  

 

          (1.3.8) 

A" = a e 퐇 a e  푑휃 

          (1.3.9) 

 

These parameters only apply within the assumptions of the FOM.  To describe 

deviations from these assumptions an ‘unmixing’ parameter, θ is introduced. 

 

퐸(퐵) =
A + A"

cos 2휃  

          (1.3.10) 

퐸(푄) =
A − A"

cos 2휃  

          (1.3.11) 

푞(퐵) =
1
2 (1 + cos 2휃)(푑 + 푑 ) + sin 2휃 푑 − 푑 +

1
2 (1− cos 2휃)(푑 − 푑 )  

          (1.3.12) 
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푞(푄) = (1− cos 2휃)(푑 + 푑 ) − sin 2휃 푑 − 푑 + (1 + cos 2휃)(푑 − 푑 )  

          (1.3.13) 

 

where θ=0 gives the equations (1.3.1) through (1.3.6), θ is usually small (due to the near 

degeneracy of the a1u/a2u orbitals) meaning these simplified expressions are often 

sufficient to describe observed spectra. 

 

 

 

 

Figure 1.3.5:  Idealised depictions of out of plane distortions of porphyrin species.  

Filled and open circles represent atoms above and below the porphyrin mean plane 

respectively.  Adapted from Kadish et al51. 

 

Although the metalloporphyrin core is usually considered within the D4h symmetry 

point group, various derivatives display out of plane distortions which lead to a 

lowering of symmetry which is manifested in the observed properties.  Commonly, the 

symmetry is lowered to S4 (sometimes C2v) with the ruffled and saddled cores (“ruf” 

and “sad’’ respectively), or the C4v domed, “dom” and waved, “wav” cores (see Figure 

1.3.5 for idealised depictions).  In terms of spectral features the out of plane distortion 

sad wav
e 

dom ruf 
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induces previously forbidden transitions under D4h symmetry to become allowed 

(especially vibrational bands).  Also, the emission quantum yield of distorted porphyrins 

is much lower than the planar counterparts.  This occurs due to improved coupling of 

the S1 state to the torsional core modes which increases the rate of non-radiative decay. 

Both CuTPP and NiTPP metalloporphyrins exist as the ruf form and consequently have 

almost non-existent emission spectra and a number of non-totally symmetric active 

Raman modes. Contrasted with ZnTPP (which is planar, though some five-coordinate 

derivatives display slight dom features) which has an appreciable emission yield and 

spectral features which rigidly follow D4h symmetry51. 

 

1.4 Porphyrin-Based DSSC Sensitisers  

Despite the dominance of Ru-polypyridyl based complexes as DSSC sensitisers there 

are a number of research groups which have focused on porphyrin based materials as 

the active chromophore.  Considering the biological use of chlorophylls (structurally 

related to porphyrins) utilising porphyrins as light harvesting units in DSSCs is a logical 

choice.  Porphyrins display a number of qualities desirable for operation within DSSCs 

which make them an attractive candidate as sensitisers within these devices.  Porphyrins 

are relatively robust chromophores compared to alternative conjugated aromatic 

materials, they are thermally and chemically stable, while also displaying resistance to 

photobleaching.  Porphyrins have a number of strong electronic absorptions in the 

visible region and depending on the choice of structure, practically any region of the 

solar spectrum can be utilised, making them applicable for use in tandem DSSCs52.  The 

porphyrin π-π* excited states are stable for a sufficient time period for efficient electron 

injection (>1 ns) and weak spin orbit coupling (for M=1st transition series metals) 

ensures that the singlet excited states dominate.  These singlet excited states are also 

relatively easy to oxidise and allow for efficient injection53.  Also, simple porphyrins are 

relatively easy to synthesize, though the author admits that some of the proposed due 

structures included in this text may not be suitable (at least without further work) for 

scaled up applications.   

Conversely there are a number of drawbacks from utilising porphyrin based sensitisers.  

Porphyrins have a tendency to aggregate in solution and on the TiO2 surface. In doing 

so facilitates exciton annihilation (deactivation of the excited state) which limits their 
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overall light harvesting54.  Also, recent studies have suggested that porphyrins based 

DSSCs display limited injection lifetimes within the TiO2 (i.e. after injection) which is 

believed to be one of the limiting factors in their solar cell performance55.    

  

1.5 Bulk Heterojunction Solar Cells 

In addition to the work on DSSCs, some of the theoretical work has addressed 

performance of bulk heterojunction solar cells (BHJSC).  It is therefore appropriate to 

give a brief introduction to this class of devices. A BHJSCs is a solid-state device based 

on light absorbing polymer materials (though small organic molecules have been used 

with some success).  To manufacture this type of architecture two components (usually 

a light absorbing polymer and a fullerene derivative) are mixed in an organic solvent 

and cast onto a conductive support.  The choice of components is crucial to the 

operation of this device.  Although some success has been achieved with small 

molecules our discussion will be limited to polymeric based materials mixed with a 

functionalised fullerene. Mixing of these two components allows them to intermingle 

and when cast into a film, domains of the separate components are generated. As such, a 

large amount of junctions between the different species form.  With respect to Figure 

1.5.1 the operation of the device occurs as follows: the polymer absorbs visible light (1) 

to generate a localised electronic excited state on the conjugated backbone (also known 

as an exciton) (2).  Due to the effective electric field at the junction this exciton 

migrates through the polymer domain to the polymer-PCBM junction where the excited 

state electron is transferred to the unoccupied excited state orbital of the fullerene (3), 

creating a polaron of separated charges.  These charges dissociate from the junction 

forming free charge carriers which migrate towards the respective electrodes, connected 

via an external circuit (4)56. 
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Figure 1.5.1:  Energy diagram depicting the operation of a bulk heterojunction solar 

cell device, numbers relate to the processes explained in the text.  Blue dots represent 

the photoexcited electron and the red dots are the residual holes.   

 

The device performance is determined by a number of factors.  The polymer should 

absorb light over a wide range of the solar spectrum and it is required to have an excited 

state of suitable energy and sufficiently long lived to migrate to the junction to form an 

exciton.  In general these requirements are easy enough to achieve, indeed in most cases 

exciton formation has been found to occur extremely rapidly and with a high quantum 

yield56.  Overall charge generation requires the charge carriers to migrate to their 

respective electrodes effectively.  This has been found to be the limiting step in the 

efficiency of these devices.  As the bimolecular recombination of the exciton can 

compete efficiently with the rate of charge migration57,58.     

 

1.6  Vibrational Spectra of Porphyrins 

Vibrational spectroscopy, in particular resonance Raman (RR) spectroscopy, is an 

extremely powerful technique for understanding porphyrin-based systems.  Resonance 

Raman spectroscopy has been used extensively not only in understanding molecular 

electronics but also in the biological field.  A number of publications in the 1970s and 

80s lead to the assignment of the majority of vibrational modes of metalloporphyrins (a 
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full publication list is not given).  The seminal work by Spiro et al using solid samples 

(in a KCl pellet) of NiTPP and a force-field analysis unambiguously assigned all in 

plane and out of plane vibrations59,60.  Within the D4h point group the symmetries of the 

modes are: 

 

Г  =  9A  +  9B  +  8A  +  9B  +  18E  

          (1.6.1) 

Г  =  3A  +  6A  +  5B  +  8A  + 4B + 8E  

          (1.6.2) 

 

Where only the in plane gerade and out of plane Eg modes are Raman active under D4h 

symmetry.  However, disallowed modes can be observed if the porphyrin is not planar.  

The porphyrin core vibrations can be summarised as a series of normal modes (depicted 

below).  The notation for band assignments first presented by Spiro et al59 is used 

herein.  The mode numbering relates to the symmetry of the porphyrin core vibrations; 

ν1-ν9 for A1g, ν10-ν17 for B1g, ν19-ν26 for A2g, and ν27-ν35 for B2g modes.  The out of plane 

torsional modes (γ) are found at lower energy (<900 cm-1) than the spectral window 

used for analysis within this thesis and are not considered.  In plane (with respect to the 

aromatic ring) phenyl skeletal vibrations are designated by φ, while the out of plane 

modes have π notation.  The A1g bands are strongly enhanced when in resonance with 

the B band excitation.  While the non-totally symmetric modes are enhanced upon 

excitation of the Q bands due to the vibronic contribution of these modes to the intensity 

of these transitions. 
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Figure 1.6.1: Selected in plane normal modes showing the eigenvectors of vibration for 

the core porphyrin vibrations.  Figure is adapted from Spiro et al59. 

 

1.7 The Raman Effect and Spectroscopy 

The Raman phenomenon is an example of the scattering of light by molecules.  It was 

first described by Smekal61 in 1923 but not observed until 1928 by C. V. Raman62,63.  

The Raman process is a relatively weak phenomenon, where approximately one in 

every 106 scattered photons undergoes inelastic scattering.  When treating this effect 

theoretically there are two approaches: (1) The sum-over-states method, this requires an 

understanding of all energy states, this is intuitively easy to understand but 

mathematically difficult to implement for anything but small systems; (2) The time-

dependent theory developed by Lee and Heller, this can be used for understanding 

almost any system but requires a different approach to thinking about photophysical 

processes.  These two methods will be described separately. 
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1.7.1 Sum-over-states theory 

Within Kramers-Heisenberg scattering theory64 the Raman process is a two-photon 

event, the incoming photon excites the vibrational wavefunction from an initial state, |i〉 

to a virtual vibronic state |r〉.  A second photon is emitted by the virtual transition from 

state |r〉 to the final vibrational state |f〉.  A sum is made over all virtual vibronic states to 

determine the total transition polarisability tensor.  This can be considered as a static 

picture of Raman scattering since the polarisability tensor is described by the 

summation of all possible stationary states. 

The Raman intensity for a transition from |i〉 to |f〉 can be expressed as 

 

퐼 =
휋
휀 휀 ± 휀 퐼 훼 훼

∗

,

 

          (1.7.1) 

 

where I0
 is the irradiance of the incident radiation (W m-2), 휀  and 휀  are the 

wavenumbers (m-1) of the exciting radiation and the vibrational transition respectively.  

훼 is the  ρσith component of the transition polarisability tensor and the * superscript 

denotes the complex conjugate. 

 

훼 =  
1
ℎ푐

휇 [휇 ]

휀 − 휀 + 푖Γ +
[휇 ] 휇
휀 + 휀 + 푖Γ  

          (1.7.2) 

 

where [휇 ]  is the ρth component of the electronic transition moment for a transition 

between vibronic states |r〉 and |f〉.  푖Γ  is a damping factor associated to the lifetime of 

the vibronic state, r. 
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Introducing the Born-Oppenheimer approximation65 into (1.7.2) and expanding: 

 

훼
ℓ ,ℓ

=  
1
ℎ푐

휒 휇 휒 ⟨휒 |[휇 ] |휒 ⟩

휀 − 휀 + 푖Γ

+
휌 휒 [휇 ] 휒 휒 휇 휒

휀 + 휀 + 푖Γ  

          (1.7.3) 

 

χkn› is the nth vibrational wavefunction on the kth electronic state, 휇׀  is the ρth 

component of the pure electronic transition moment for the |ℓ〉 → |k〉 transition.   

When the excitation energy approaches the energy of an electronic transition, i.e. it 

comes into resonance with that transition.  (1.7.3) can be considered as the sum of a set 

of terms which simplify the polarisability tensor 

 

훼
,

= 퐴 + 퐵 + other terms 

          (1.7.4) 

퐴 =  
1
ℎ푐 휇 [휇 ]

휒 휒 ⟨휒 |휒 ⟩
휀 − 휀 + 푖Γ  

          (1.7.5) 

퐵 =  
1

ℎ 푐 휇 [휇 ]
ℎ
Δ휀

휒 푄 휒 ⟨휒 |휒 ⟩
휀 − 휀 + 푖Γ  

+ 
1

ℎ 푐 휇 [휇 ]
ℎ
Δ휀

휒 휒 휒 푄 휒
휀 − 휀 + 푖Γ  

(1.7.6) 

ℎ =  푠 휕퐻 휕푄⁄ 푘  

          (1.7.7) 
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where 휇  is the zero-order term in the Taylor expansion for 휇 , Δ휀  is the energy 

gap between the sth  and kth electronic states and 푄  is the jth normal coordinate.  The A 

term is the ‘resonant’ term, as 휀  approaches 휀  (1.7.5) dominates the amplitude of the 

polarisability tensor and other terms can be neglected.   

 

 

Figure 1.7.1: Pictorial representation of A-term enhancement, (1.7.5) with respect to 

the overlap of exemplar 휒 , 휒  and 휒  wavefunctions.  When ΔQ=0 휒 휒  is 

essentially zero (it is zero under the harmonic approximation due to the orthogonality of 

wavefunctions) and there is no contribution to the polarizability tensor.  However if the 

potential energy surface of the excited state differs to that of the ground state, ΔQ≠0 

there is no longer complete cancellation of the wavefunctions, 휒 휒 ⟨휒 |휒 ⟩ ≠ 0 

and there will be a resonant enhancement of the Raman scattering.   

 

For the polarisability to be non-zero for A term scattering 휇  and [휇 ]  must be non-

zero.  The electronic transition must then be both spin and Laporte allowed.  This means 

that d-d transitions will not display A-term resonance enhancement, unlike π-π* 

transitions.  Non-zero Frank-Condon factors (i.e. non-orthogonal wavefunctions) are 

also a requirement for A-term scattering, see Figure 7.1.1.  Which means that either the 

energy of the vibration differs on the excited state or the potential energy minima of the 
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excited state is displaced along the jth vibrational coordinate.  If the point group of the 

ground and excited states are identical then only completely symmetric modes can 

translate the ground state to the excited state geometry, hence only completely 

symmetric modes will display A-term enhancement.  If there is a change in the point 

group on population of the excited state then modes which are totally symmetric under a 

common point group will display enhancement via Duschinsky mode mixing66. 

B term resonance scattering arises via the vibronic coupling of the kth resonance state to 

a state which is close in energy, s.  If the k and s states have the same symmetry then 

totally symmetric modes are enhanced.  If this is not the case then non-totally 

symmetric modes can be enhanced, this is the case when the Q band of a porphyrin is 

the resonant state.  B term scattering is usually smaller than the A-term and vanishes as 

∆ωsk increases.       

 

1.7.2 Time-dependent theory 

The time-dependent theory deals with the Raman process within a time-frame 

formalism rather than the energy-frame method of the sum-over-states theory67,68.  The 

approach is to replace the energy denominator of the first term (considering only A-term 

scattering) of equation 1.7.3 with a half-Fourier transform.  Letting |휙 〉 = [µρ]k |χℓf〉 and 

|휙 〉 = [µσ]k |χℓi〉 and summing over vibrational states to generate the following. 

 

[훼] =  
푖
ℏ  휙 휙 (푡) exp 푖휀 − Γ 푡  푑푡 

          (1.7.8) 

where 

휙 (푡)〉 =  exp −푖H 푡/ℏ |휙 〉 

          (1.7.9) 

and 

H =  
ℏ
2 p  .휔 . p + (푞 − Δ ) .푉 . (푞 − Δ ) + 퐸  

          (1.7.10) 



24 
 

where p is the momentum operator,  휀  is a diagonal matrix of the ground state 

vibrational energies, 푉 = (퐽 ) . 휀 . 퐽 is the excited state vibrational frequency matrix 

written with the dimensionless normal coordinates of the ground state.  The superscript 

T denotes the transpose.  The fact that vibrational energies may differ in the excited is 

expressed by off-diagonal elements in the 푉  matrix.  q is the position vector with 

respect to the equilibrium position and Δ  is the vector displacement of the excited state 

equilibrium structure from the ground state equalibria.  퐸  is the energy of the pure 

electronic transition from the ground to excited state.  

The time-dependent expression for the electronic absorption cross section can be 

expressed in a similar fashion. 

 

  

휎 (휔 ) =  ⟨휙 |휙 (푡)⟩ exp[푖휀 푡]  푑푡  

          (1.7.11) 

 

where 휀a is the energy of the incident (absorbed) radiation. 

The physical meaning of these expressions can be understood with reference to Figure 

1.7.2 below, assuming a harmonic potential model of molecular vibrations.  For the 

multi-photon process, incident radiation, 휀 , excites a wavepacket from the ground state, 

|휙 〉, up to an excited vibrational level of the kth excited state manifold.  There, the 

wavepacket is not an eigenfunction of the excited state Hamiltonian, hence it will not 

form a standing wave over the excited state surface, but propagate over it with time, 

|휙 (t)〉.  As it does so, its overlap with the ground electronic, final vibrational level 

wavefunction, |휙 〉, will vary according to the integrand of (1.7.8).  Because of the 

orthogonality of wavefunctions within a harmonic potential, the initial overlap at t=0 

will be zero.  After propagating across the surface it will reach a maxima as q = ∆i/2 and 

then decrease as the wavepacket approaches the edge of the potential surface.  If there is 

still significant amplitude the wavepacket will return back across the surface (with 

damping from Γ ) to contribute to an additional overlap of |휙 〉 and |휙 (t)〉. By taking a 
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half-Fourier transform of the time-dependent overlap, the Raman intensities with 

respect to excitation energy are evaluated (1.7.1). 

 

 

Figure 1.7.2:  Energy diagram explaining the multi-photon events describing the 

Raman and absorption process within a time-dependent formalism.   

 

1.8 Electron Transfer Theory and Electron Transfer Within DSSCs 

Most simple, outer sphere electron transfer processes can be understood based on the 

work of Marcus and Hush69,70.  Central to this theory is Fermi’s Golden rule71 (though 

the initial formulation was completed by Dirac72) which describe the transition rate in 

condensed media, Ti→f, from one energy state, i, to another state, f, due to a perturbation 

 

푇→ =  
2휋
ℏ  |⟨푓|H′|푖⟩|  휌 

          (1.8.1) 
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where ρ is the density of final states (number per unit of energy) and ⟨푓|H′|푖⟩ is the 

matrix element of the perturbation, H′ between the final and initial states.  Under 

nonadiabatic (weakly interacting initial and final states) the first order electron transfer 

rate constant between two species (at a fixed distance) can be expressed as 

 

푘 =  
2휋
ℏ  |퐻 |  퐹퐶 

           (1.8.2) 

 

where 퐻  is the electronic matrix element describing the coupling of the electronic 

state of the initial, A and final, B states (reactants and products).  FC is the Frank-

Condon factor73,74; a sum of overlap integrals of the reactant and product vibrational 

wavefunctions.  Assuming fixed coordinates of all (including solvent) species and 

harmonic oscillators to describe vibrations this can be written as 

 

퐹퐶 =  
1

4휋휆푘 푇
exp

−(휆 + Δ퐺)
4휆푘 푇  

          (1.8.3) 

 

where 푘  is the Boltzmann distribution constant, 푇 is the temperature, λ is the 

reorganisation energy and ∆G is the free energy of the electron transfer reaction.   

When describing the electron transfer between semiconductors and redox species 

adsorbed to the surface the same theory can be used, with some modifications75.  In 

attempting to understand electron injection in DSSCs the states of importance are the 

electronically excited state of the dye molecule (donor state) and the conduction band of 

the TiO2 (acceptor state).  Electron transfer at the semiconductor-absorbate interface is a 

many-electronic state problem due to the continuum of states which exist in the 

semiconductor electronic structure.  Assuming a low concentration of charge carriers 

(injected electrons) within the semiconductor, the electron-injection processes can be 

treated individually.  Hence the net rate will be the sum of individual electron transfer 

rates from the molecular donor state to an acceptor state in the semiconductor. 
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푘 (푟) =   푘 (푟,퐤)
퐤

 

             (1.8.4) 

Where 푘  is the total injection rate constant and 푘 (푟,퐤) denotes the individual rate 

constant for a fixed distance electron donor to the kth semiconductor acceptor state.  

Combining equations (1.8.2-4) with expressions for the semiconductor density of states 

and integrating over all possible accepting states yields the following expression: 

 

푘 (푟,푬)

=
4휋
ℎ

1
4휋휆퐾 푇

퐶(푟)
퐼

푑 / (6휋) /
|퐻 (푟,푬)|  exp

− 푬 − 퐸 + 휆
4휆퐾 푇 푔(푬)퐹(푬) 푑푬 

(1.8.5) 

 

where 퐶(푟) is the electron donor dye coverage (molecules cm-2) at a fixed distance from 

the surface, r.  퐼   is the effective coupling length of the semiconductor electronic 

wavefunction (cm), 푑  is the density of atoms in the lattice which contribute to the 

electronic band structure (atoms cm-3), 퐸  is the redox potential of the adsorbed 

species, 푔(푬) is a function to describe the semiconductor density of states and 퐹(푬) 

describes the occupancy of these states.  To make this expression more applicable 

towards investigating the DSSC system it must modified for this case. The electronic 

coupling term, 퐻  is assumed to be independent of state energy and fixed to a specific 

distance of the dye from the TiO2 surface.  This allows this term to be removed from the 

integral.  The term 퐸  is replaced with 퐸 ∗ which is the energy of the excited electronic 

(donor) state of the dye, where E is the electronic level within the TiO2 conduction 

band.  The occupancy term has been replaced with (1− 푓(푬,퐸 )) to explain the 

occupancy of holes present, since injection is only allowed into states which are empty; 

푓(푬,퐸 ) is then the occupancy of electrons within the conduction band (following 

Fermi-Dirac statistics76).   
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푘 (푬) =
퐶
푟

|퐻 |
4휋
ℎ

1
4휋휆퐾 푇

퐼
푑 / (6휋) /

exp
−(푬 − 퐸 ∗ + 휆)

4휆퐾 푇
(1

− 푓(푬,퐸 ))푔(푬,퐸 ,푁 ,훼)푑푬 

          (1.8.6) 

where76,77 

푓(푬,퐸 ) = exp
푬− 퐸
퐾 푇 + 1  

          (1.8.7) 

푔(푬,퐸 ,푁 ,훼) =  

훼푁
퐾 푇                                             ;푬 ≥ 퐸

훼푁
퐾 푇  exp

−훼(퐸 − 푬)
퐾 푇     ;푬 < 퐸

 

          (1.8.8) 

 

where 퐸  is the energy of the semiconductor Fermi level and 퐸  is the conduction band 

energy.   

 

1.9  Computational Methods 

Computational chemistry has developed over the last decade from being a specialist 

field within theoretical physics to a commonly used technique in modelling the 

properties of molecules.  This has largely been driven through the wide availability of 

reliable methods and advances in computational power.   

The underlying theory to all simple computational methods is the evaluation of the 

time-independent, non-relativistic Schrödinger equation78. 

 

퐻 휓 = 퐸 휓 

          (1.9.1) 
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Within the Born-Oppenheimer approximation65, a Hamiltonian 퐻, for a many-electron 

system comprises a number of terms: a kinetic energy operator, (푇 ), an electron-

electron repulsion term, (푉 ), and an external potential arising from nuclear-electron 

interactions, (푉 ). 

 

퐻 = 푇 + 푉 + 푉  

          (1.9.2) 

퐻 =  −
ℏ

2푚  ∇ +  
−푒

4휋휀 풓풊풋
+  

−2푒
4휋휀 풓풊,

 

           (1.9.3) 

 

Solving the Schrodinger equation involves determining a set of eigenfunctions 

(wavefunctions, 휓) which describe all properties of the system.  The corresponding 

eigenvalues are then the observables of an operator (e.g. energy or momentum 

operator).  The Born interpretation of quantum dynamics states that the probability of 

finding an electron within a volume element, 푑휏, is defined by 

 

푃(휏) = |휓|  푑휏 

          (1.9.4) 

 

An equivalent equation can be used to express electron density,휌(풓).  For a many-

electron system the expression can be written in terms orbitals, 휙(풓). 

 

휌(풓) = 2 휙(풓)∗휙(풓) 

          (1.9.5) 
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The Schrödinger equation is unsolvable for any system encompassing more than a 

single electron due to the inability to analytically solve the electron-electron (e-e) 

repulsion term.  To solve the Schrödinger equation ab initio a number mathematical 

approximations have been developed to transform (1.9.3) into an expression which can 

be solved. 

The simplest approach to the problem is the Hartree-Fock (HF) method79,80.  Here each 

electron is approximated to reside in an average potential of all other n-1 electrons.  

This method results in formation of HF equations for individual spinorbitals, 휙  

(spinorbitals are products of spatial and spin wavefunctions). 

 

퐹휙 (1) = 휀 휙 (1) 

           (1.9.6) 

 

where εi is the orbital energy and 퐹 is the Fock operator which is a combination of the 

core Hamiltonian (the first term in (1.9.3)), ℎ , coulomb, 퐽 , and exchange operators, 퐾 . 

 

퐹 = ℎ + 퐽 (1) + 퐾 (1)  

          (1.9.7) 

퐽 휙 (1) = 휙∗(2)
푒

4휋휀 풓ퟏퟐ
휙 (2) 푑휏 휙 (1) 

          (1.9.8) 

퐾 휙 (1) = 휙∗(2)
푒

4휋휀 풓ퟏퟐ
휙 (2)  푑휏 휙 (1) 

          (1.9.9) 

 

퐽  represents the interaction of electron (1) with electron (2) within the orbital, 휙 .  

휙 (2) is the one-electron wavefunction of the 2nd electron and 휙 (2) is the one electron 

function being acted upon by the exchange operation as a function of the position of the 
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2nd electron in the 휙  orbital.  풓ퟏퟐ is the distance between (1) and (2).  The operators act 

over all space the 2nd electron occupies.    

However, the HF method does not include a correlation term to account for the 

instantaneous interaction between two sets of electrons.  This means that electronic 

properties which are strongly affected by electron-electron interactions are not well 

predicted by HF.      

Higher level electron correlation methods such as configuration interaction81 (CI) or 

coupled-cluster82 (CC) theory can more accurately account for e-e repulsion using exact 

wavefunctions which cannot be expressed as a single determinant.  Methods such as this 

are computationally very expensive, and are largely restricted to studies of small 

systems. 

 

1.9.1 Density Functional Theory  

The number of electrons, 푁 within a specific volume 푑풓 can be determined by taking 

the integral of (1.9.5) to give: 

 

휌(풓) 푑풓 = 푁 

          (1.9.10) 

 

Since we can determine the number of electrons with respect to the density, 휌(풓), it also 

follows that 휌(풓) has enough information to determine 푇  and 푉 .  In 1965 Kohn and 

Sham formed a set of equations to show that the external potential, 푉 , can be described 

by the ground state 휌(풓) and hence all the terms of (1.9.2) can also be described by 

휌(풓)83.  It follows that knowing the ground state electron density allows the many-

electron Schrödinger equation to be solved, and the energy of the system determined.  

The first Hohenberg-Kohn (HK) theorem84 allows evaluation of the energy since it 

states that “the ground state energy of a system is a functional of its density”: 
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퐸 = 퐸[휌] 

          (1.9.11) 

 

Expressing (1.9.2) in terms of 휌(풓) 

 

퐸[휌] = 푇 [휌] + 푉 [휌] + 푉 [휌] 

            (1.9.12) 

 

and expanding  

 

퐸[휌] = 퐹[휌] +
푍푒

4휋휀 |푹 − 풓|  휌(풓) 푑 풓 

          (1.9.13) 

 

The second part of the HK theorem states that the ground state 휌(풓)can be determined 

by applying the variational principle to (1.9.12) and that the true 휌(풓)will be the density 

which minimises the energy.  To resolve this, an exact evaluation of 퐹[휌] is required, 

since this would be an exact solution to (1.9.3), it is not possible.  The approach of 

Kohn and Sham is to ignore the explicit electron-electron interaction and express this 

term as a potential of pseudo-electrons experiencing a ‘Kohn-Sham Potential’.  

Although empirical in nature and lacking a physical analogue, this sort of non-

interacting system is much easier to solve.  An additional term is included to account for 

electron-electron interactions indirectly which is the so-called exchange-correlation 

functional, 퐸 [휌], and is an approximation to calculating exact exchange and 

correlation.  Thus 퐹[휌] is expressed as:   

 

퐹[휌] = 푇 [휌] + 퐽[휌] + 퐸 [휌] 

            (1.9.14) 
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푇 [휌] is the kinetic energy of the non-interacting electrons (analogous to the first term in 

1.9.3) expressed as ‘Kohn-Sham orbitals’, 휙 (퐫): 

 

푇 [휌] = −
ℏ

2푚 휙∗ (퐫)∇ 휙 (퐫) 푑 퐫 

          (1.9.15) 

 

The kinetic electronic energy comprises a very large proportion of the total energy of 

the system, even small errors in its derivation will render completely inaccurate 

solutions.  The real advantage to the DFT approach is that 푇 [휌] can be solved exactly 

and accounts for ~99% of the exact 푇 .  The remaining kinetic correlation energy is 

encompassed within the EXC term.  퐽[휌] is the coulomb energy (see (1.9.8)), without 

directly calculating the exchange and correlation, it is purely a classical interaction 

between electrons 퐫 and 퐫′: 

 

퐽[휌] =
1
2

휌(퐫)휌(퐫′)푒
4휋휀 |퐫 − 퐫′|  푑 퐫 푑 퐫′ 

           (1.9.16) 

 

Via substitution of (1.9.12) and (1.9.14) an expression of the exchange correlation 

functional can be formalised as: 

 

퐸 [휌] = (푇 [휌]− 푇 [휌]) + (푉 [휌]− 퐽[휌]) 

            (1.9.17) 

 

where the first term describes the kinetic correlation energy (difference between 푇 [휌] 

and exact kinetic energy) and the second term is a combination of exchange and 

potential correlation. 
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(1.9.13) is now in a form which can be dealt with using a variational theory approach by 

solving the non-interacting Kohn-Sham equations to generate the Kohn-Sham orbitals, 

휙 (풓). 

 

−
ℏ

2푚 ∇ −
푍 푒

4휋휀 푟 +
휌(퐫′)푒

4휋휀 |풓 − 풓′|푑 퐫′ + V [휌(풓)] 휙 (풓) =  휀 휙 (풓) 

(1.9.18) 

 

The wavefunction of this non-interacting system can be expressed as the Slater 

determinant of a matrix of non-interacting Kohn-Sham orbitals: 

 

휓 (푟 , … , 푟 ) =
1
√푁!

휙 (풓 ) ⋯ 휙 (풓 )
⋮ ⋱ ⋮

휙 (풓 ) ⋯ 휙 (풓 )
 

          (1.9.19) 

 

V [휌] is the exchange correlation potential, which is a functional derivative of the 

exchange-correlation energy, 퐸 [휌]: 

 

푉 [휌] =  
훿 퐸 [휌]
훿 휌  

          (1.9.20) 

 

Hence, if the exchange correlation energy is known, the potential is readily 

determinable.  However one of the main issues with DFT is determining a suitable form 

for the exchange correlation term.  A number of local density and gradient derived 

functionals have been developed for use in DFT.  By far the most common is the 

B3LYP functional.  It has the form: 
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E =  (1− 푎 )퐸 + 푎 퐸 + 푎 퐸 + 푎 퐸 + (1 − 푎 )퐸  

          (1.9.21) 

 

The terms consist of exchange, 퐸 , and correlation functionals, 퐸 , which define same-

spin and mixed-spin interactions respectively.  B3LYP is comprised of Becke’s 3-

parameter functional correction to Slater exchange and Hartree-Fock, HF exchange85, as 

well as the gradient correlation functional of Lee, Yang and Parr86, LYP and the local 

correction functional developed by Vosko, Wilk and Nusair87, VWN.  Parameters 푎 , 

푎  and 푎  are empirical parameters which have been fitted to values of experimental 

data.  For B3LYP the parameters were fitted to values of ionisation potentials and 

proton affinities of organic systems by Becke85.  Because the functional is constructed 

from experimental data DFT is often characterised as a ‘semi empirical’ method.   

 

1.9.2 Basis sets and Pseudopotentials 

As discussed, solving the Schrödinger equation requires formulation of a set of 

wavefunctions to define the electronic orbitals of the system of interest.  These 

wavefunctions are in turn made up of a set of basis sets; mathematical functions used to 

describe the individual electrons.  In principle, using an infinite number of basis sets 

will describe the orbitals exactly.  This is not computationally achievable and a more 

reasonable solution must be used.  The molecular orbitals, 휙 , can be constructed via a 

linear combination of corresponding atomic orbitals, 휒 , with suitable weightings, 푐 .   

 

휙 =  푐 휒  

          (1.9.22) 

 

The 휒  are constructed so as to mimic the nature of the pure wavefunctions of the 

hydrogen atom (which can be solved exactly).  Orbitals used in electronic structure 

calculations are generally one of two types; Slater Type Orbitals (STOs) these have the 

form88: 
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χ , , , (푟,휃,휑) = 푁푌 , (휃,휑)푟 푒  

             (1.9.23) 

 

푁 is the normalisation constant and 푌 ,  are the usual spherical harmonic functions  for 

a hydrogen atom.  However the STO function does not retain any radial nodes.  To 

construct radial nodes, linear combinations of individual STOs are constructed.  The 

nature of STOs means that the calculation of two-electron integrals with 3 or more 

nuclei cannot be solved analytically.  Hence they are primarily used for atomic and 

diatomic calculations.  STOs can be approximated by a series of Gaussian-type orbitals  

(GTOs) (Figure 1.9.1) which makes the calculations computationally easier to 

determine.  GTOs have the form89: 

 

χ , , , (푟,휃,휑) = 푁푌 , (휃,휑)푟( )푒  

          (1.9.24) 

 

The shape of an STO can be successfully approximated via contraction of a handful of 

GTOs (Figure 1.9.1). 

 

 

Figure: 1.9.1: Approximation of a Slater-type orbital (black) with three Gaussian-type 

orbitals (red). 
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The 6-31G basis set uses the contraction of six GTOs to describe the core orbitals and 

two contractions to describe the valence electrons, one with three GTOs and one with 

just a single Gaussian function.  Additional polarization functions may be added to vary 

the shape of the resulting molecular wavefunction.  It is especially important to include 

these additional functions when modelling phenomena highly dependent on 

polarisability (i.e. Raman intensities).  This is done by the addition of functions that 

describe angular momentum, in the case of the 6-31G(d) basis set, a set of d-orbital 

primitive Gaussians are added to all non-hydrogen atoms.       

In systems which contain heavy atoms, using basis functions which describe all of the 

electrons comes at a large computational cost.  As such, it is advantageous to utilise 

functions which reduce the computational cost represented by the core electrons (these 

have little effect on the overall electronic properties).  To accomplish this, the core 

electrons are approximated by a pseudopotential (1.9.25), also known as an effective 

core potential, ECP, which correctly models the wavefunction and potential amplitude 

after a certain cut-off radius, 푟  Figure 1.9.2.  The remaining valence electrons are then 

modelled explicitly with a set of suitable primitive Gaussians, 휙 (풓).  

. 

 

Figure 1.9.2:  Wavefunction within the Coulomb potential (blue) of a nucleus and an 

approximation by a pseudopotential (red).  The real and pseudo wavefunctions and 

potentials are identical above the cut-off radius, 풓풄90. 
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Pseudopotentials are also a good choice for modelling large atoms since they in some 

way account for the relativistic effects experienced by the core electrons91.  The LANL1 

ECP92,  푈(풓),  replaces the core shells (of an angular momentum, 푙) of an atom (atomic 

number, 푍) up to the nearest noble gas (i.e. K-Cu...  [Core]3dm4sn). 푈(풓) is generated 

numerically from node-less, valence pseudo-orbitals, 휙 (풓).  Where 휙 (풓)  are solutions 

to the operator, 푉  (which contains coulomb and exchange terms). 

 

푈(풓) =  휖 −
푙(푙 + 1)

2풓 +
푍
풓 +

휙 (풓)
2휙  (풓)−

푉 휙 (풓)
휙 (풓)  

          (1.9.25) 

 

휙 (풓) is the second derivative of 휙 (풓) with respect to 풓.  

휙   =  휙  when (푟 <  풓 ), otherwise 

휙 =  푟 푓(풓) 

          (1.9.26) 

 

f(r) is fifth-degree polynomial, b = l + 3 for a non-relativistic case and b = λ + 2 in the 

relativistic case, where: 

 

휆 + 1 =  
1
2 1 − 훿 , + 푙(푙 + 1) +

1
4 1 + 훿 , + (훼푍)  

          (1.9.27) 

 

and α is the fine structure constant.   

For particular systems the LANL1 ECP is not a good approximation to an all-electron 

basis set because certain electron orbitals need to be modelled explicitly to get a correct 

representation of the electronic structure.  To overcome this defect the LANL2DZ ECP 

treats additional orbital shells with full Gaussians functions93.  For Re(I) and Ru(II) 
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polypyridyl complexes the LAN2DZ ECP has been shown to give accurate calculated 

data when used to describe the central metal ion94.   

 

1.9.3 Vibrational energy calculations 

After calculating an optimised geometry it is crucial to determine that the structure is 

indeed at a global energy minima and that the iterations have not converged onto a 

saddle point within the potential energy surface.  A simple approach to characterise the 

minima is to complete a vibrational calculation to determine the energy, intensity and 

nature of the fundamental vibrational transitions.  If the geometry is at a true minima, 

there will be no calculated negative (imaginary) vibrational energies.   

The potential energy, 푉(퐱), of the vibration is approximated via a second-order Taylor 

expansion around the stationary point.  

 

푉(퐱) ≅  푉(퐱 ) +  
푑푉
푑퐱

(퐱 − 퐱 ) +  
1
2

(퐱 − 퐱 )
푑 푉
푑퐱

(퐱 − 퐱 ) 

           (1.9.28) 

 

The first term can be set at zero and the first derivative of the potential is zero since x0 is 

a stationary point (the superscript ‘푡’ denotes the transpose).  The same expression can 

be written in terms of a force constant matrix: 

 

푉(∆퐱) =  
1
2∆퐱 푭∆퐱 

          (1.9.29) 

 

Where the 3N by 3N force constant matrix, 푭, consists of  
퐱

 terms.  The Schrödinger 

equation then becomes: 
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−
1

2푚
휕
휕푥

+
1
2∆퐱 푭∆퐱 휙 = 휀 휙 

          (1.9.30) 

 

The 푭 matrix is transformed into mass-weighted coordinates by a 푮 matrix (this 

requires a mass weighted displacement matrix, 퐲) containing the inverse square root of 

the atomic masses to give: 

 

−
휕
휕푦

+
1
2 퐲

(푭푮)퐲 휙 = 휀 휙 

          (1.9.31) 

 

Diagonalisation of the FG matrix yields the eigenvalues, 휀  and eigenvectors, 풒, as 

solutions to the 3N one-dimensional Schrödinger equations.  The eigenvectors are the 

normal coordinates of vibration, while the eigenvalues, 휀 , are related to the vibrational 

energies via: 

 

휈 =  
1

2휋푐 휀  

          (1.9.32) 

 

1.9.4 Time-Dependent DFT (TD-DFT) 

TD-DFT is a method to approximate the time-dependent Schrödinger equation 

 

푖ℏ
∂휓
∂푡  휓(푥, 푡) = E휓(푥, 푡) 

          (1.9.33) 
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where the wavefunction, 휓(푥, 푡), used to describe the system is now a function of both 

time and space.  TD-DFT is becoming one of the most widely used computational 

methods as it is used to calculate the energy and nature of electronic transitions.  

However it can also give very inaccurate results if not used correctly95.   

Similar to how the Hohenberg-Kohn theorem (1.9.11) states that the total energy of the 

ground state is a unique functional of the density, the Runge-Gross theorem96 describes 

how the time-dependent ‘action’, 퐴[휌] is a  unique functional of the density and can 

also be mapped as a functional of the density. 

 

퐴[휌] = 퐴[휙[휌]] 

          (1.9.34) 

 

The only time-dependent term in the Hamiltonian is the external field, V (풕) (in the 

time-independent case, (1.9.2) this term only contained electron-nuclear coulomb 

interactions) 

 

H(풕) = T + V + V (풕) 

          (1.9.35) 

 

using both of the above, the action can be written in terms of time-dependent 

spinorbitals, 휙(풕) 

 

퐴 =  휙(풕) 푖
휕
휕푡 − T − V − V (풕) 휙(풕)  푑풕 

          (1.9.36) 
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and in terms of the density 

 

퐴[휙[휌]] =  휙[휌](풓, 풕) 푖
휕
휕푡 − T − V − V (풕) 휙[휌](풓, 풕)  푑풕 

          (1.9.37) 

 

Runge and Gross proved that this can be written entirely in terms of the charge density 

such that 

 

퐴[휌] = 퐵[휌]−   휌(풓, 풕) 푣 (풓, 풕) 푑 풓 푑풕  

          (1.9.38) 

 

where 퐵[휌] is a universal functional of the density which has the same dependence on 

휌(풓) but is independent of the applied external potential,  푣 . 

 

퐵[휌] =  휙[휌](풓, 풕) 푖
휕
휕푡 − T − V 휙[휌](풓, 풕)  푑풕 

          (1.9.39) 

 

Equation (1.9.38) essentially describes how TD-DFT works, without the presence of an 

external scalar field the electronic structure has an initial action, 퐵[휌] which is 

analogous to the ground state functional.  With the presence of 푣  the second term of 

(1.9.38) responds to the field and defines how the density will be perturbed over time.  

Through evaluation of the stationary points of (1.9.38) the time-dependent density is 

determined.   
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In proving (1.9.38) Runge and Gross showed that the exchange-correlation part of the 

action has the form 

 

퐴 [휌] =  휙[휌](풓, 풕) V 휙[휌](풓, 풕)  푑풕

−
1
2 휌(풓, 풕)푣 휌 (풓, 풕) 푑 풓 푑 풓 푑풕 + 푆 [휌]− 푆 [휌] 

          (1.9.40) 

 

Where 

 

푆 [휌] =  휙[휌](풓, 풕) 푖
휕
휕푡 − T 휙[휌](풓, 풕)  푑풕 

          (1.9.41) 

 

for 푣 = 0  and values of 푣  for interacting particles. 

The entire time-dependent Schrodinger equation is terms of 휌(풓, 풕) can now be written 

 

푖
휕
휕푡 +

1
2∇ 휙 (풓, 풕) = 푣 [풓, 풕; 휌(풓, 풕)]휙 (풓, 풕) 

          (1.9.42) 

 

where 

푣 [풓, 풕; 휌(풓, 풕)] = 푣 (풓, 풕) + 휌 (풓, 풕)푣 (풓,풓 ) 푑 풓′ + 
훿퐴
훿휌(풓, 풕) 

          (1.9.43) 
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Chapter 2 

 

Experimental Procedures 

 

2.1 Synthesis 

All porphyrin compounds except those described in Chapter 6 were provided by Dr 

Pawel Wagner in conjunction with Professor David Officer and co-workers at the 

Intelligent Polymer Research Institute, ARC Centre of Excellence for Electromaterials 

Science, University of Wollongong (formally of the Nanomaterials Research Centre, 

Massey University).  A detailed description of the synthesis of all materials is yet to be 

published. 

The N-Confused porphyrins described in Chapter 6 (Table 6.1.1) were provided by 

Nathan Cooling under the supervision of Dr Warwick Belcher at the Centre for Organic 

Electronics, University of Newcastle.  The synthesis of related materials has been 

previously published1.  

  

2.2 Physical Measurements 

Spectroscopic grade solvents were used for all electronic absorption, emission and 

resonance Raman experiments.  All spectra were analysed with the GRAMS software 

package (version 5.0, Galactic Industries) after suitable conversion of the spectra from 

the parent, spectrometer software. 

Fourier transform Raman spectra were recorded from a mixture of pure solid sample 

and KBr powder to prevent the sample from overheating.  The set up used was a 

Brucker IFS-55 FT-interferometer bench equipped with an FRA/106 Raman accessory 

and a liquid nitrogen cooled Ge D418-T Raman detector.  Raman excitation was 

provided by a Nd:YAG laser emitting 1064 nm light with an operating power set to 
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approximately 150 mW for spectral acquisition.  Each spectrum was recorded from 

approximately 64 scans at 4 cm-1 resolution. 

Resonance Raman spectra were recorded from various solvents (specified in the caption 

of each spectrum) held in a spinning NMR tube to prevent localised heating of the 

sample.  Excitation was achieved from a continuous-wave Innova I-302 krypton-ion 

laser (λex= 350.7, 406.7, 413.1, 568.2 and 647.1 nm) or diode-pumped lasers (λex= 444.3 

and 532 nm) or a Melles Griot Omnichrome model 543-MAP argon laser (λex= 457.9, 

488.0 and 514.5 nm).  The laser output was adjusted to provide 20-50 mW of power to 

the sample and where required, bandpass filters and additional mirrors and irises were 

used to remove plasma lines from the beam.  The incident beam and the collection lens 

were orientated in a 135o back-scattering geometry in an attempt to reduce self-

adsorption.   

A pair of lenses were used, one collects a solid angle of the scattered light and the 

second, aperture matched to the spectrograph focuses the scattered light through a 

narrow-band line-rejection (notch) filter (Kaiser Optical Systems), a quartz wedge 

(Spex) and onto the entrance slit (60 µm) of the spectrograph (Action Research 

SpectraPro 500i).  A 1200 grooves/mm diffraction grating (blaze wavelength 500 nm) 

disperses the collected light on a liquid nitrogen cooled back-illuminated spec-10:100B 

CCD detector managed by an ST-133 controller and WinSpec/32 software (version 

2.5.8.1, Roper Scientific).  Wavelength calibration was achieved using the Raman bands 

from a 1:1 v/v mixture of toluene and acetonitrile, this provides for reproducible peak 

positions within 1-2 cm-1.   

Electronic absorption spectra were taken of solutions localised in a 1 cm path length 

quartz cell (solvent and concentration are given in the figure captions) at room 

temperature on a Varian 500 scan UV-Vis NIR spectrophotometer using Cary Win UV 

Scan Application software.   

Steady state emission spectra were recorded from dichloromethane solutions of 

concentrations  such that the blue edge of the strongest peak (the energy at which the 

molecule is excited) was approximately 0.1 absorbance units, which results in 

concentrations of 10-6 – 10-5 mol L-1.  A Perkin Elmer Luminescence Spectrometer 

LS50B with FL Winlab software (v4.00.02) was used and spectra recorded over the 

range of 400-800 nm.   
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Bulk Heterojunction Solar Cell Performance measurements were completed by Nathan 

Cooling under the supervision of Dr Warwick Belcher at the Centre for Organic 

Electronics, University of Newcastle.  The photovoltaic devices studied were prepared 

as follows2: patterned ITO (thickness ~125 nm) slides were cleaned via sonication in 

detergent, hexane, acetone and finally with isopropyl alcohol. A layer of PEDOT:PSS 

of approximately 50 nm thickness was deposited by spin coating from aqueous solution 

and annealed for 10 min at 125 oC in a nitrogen atmosphere to drive off excess water. 

Solutions of MEH-PPV:porphyrin:PCBM were prepared in chlorobenzene and spin  

coated  to  give  an  active  layer  of  approximately  125 nm thickness. The substrates 

were transferred to a vacuum deposition chamber (base pressure ~10-7 mbar) whereupon 

a 20 nm thick layer of calcium, followed by a 100 nm thick aluminium cathode was 

thermally deposited. The  IV  characteristics  of  the  devices  were  measured  under 

AM1.5  conditions  and  recorded  using  a  Keithley  2400  source meter. External 

quantum efficiency measurements were recorded when the devices were exposed to 

light from a tungsten halogen lamp passed through an Oriel Cornerstone 130 

monochromator, using an Ithaco Dynatrac 395 analogue lock-in amplifier and Thorlabs 

PDA55 silicon diode to collect the reference signal, and a Stanford Research Systems 

SR830 DSP digitising lock-in amplifier to measure device current.  

 

2.3 Computational Methods 

Density Functional Theory (DFT) calculations were completed using Gaussian 09 

software programme3.  Unless specified, the following details defined the calculations: 

the B3LYP exchange correlation functional4-6 was employed with a 6-31G(d) basis set 

used to describe all atoms period 4 and smaller.  Larger atoms were modelled using a 

LAN2DZ effective core potential7.  Geometry optimisations were performed to 

determine the lowest energy structure from which frequency (IR and Raman) 

calculations were completed at the same level of theory.  Vertical electronic transition 

energies were calculated using time-dependent DFT (TD-DFT). Symmetry constraints 

were not imposed and all calculations were completed without a solvent field unless 

stated otherwise.   

A scale factor was applied to the calculated vibrational energies, the value of this scale 

factor was determined to maximise the correlation between the calculated and 

experimental spectra.  It was found that a scale factor between 0.965 and 0.970 provided 
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the best correlation between the spectra.  The normal modes were visualised using the 

Molden programme8, while diagrams of the molecular orbitals were generated using 

GaussView (v5.0).   
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Chapter 3  

 

Electronic structure of some meso substituted  

zinc(II) porphyrins 

 

3.1 Introduction 

Modification of the porphyrin macrocycle at the meso position to form symmetric D4h 

metalloporphyrins is a relatively straightforward form of synthetic alteration to the porphyrin 

core1.  One simple approach is to utilise a decorated phenylaldehyde precursor in the 

condensation reaction with the pyrrole2, resulting in formation of a symmetric, tetrakis product.  

This method was utilised to generate the first novel porphyrin sensitiser for a DSSC, a tetra-

carboxyl analogue of ZnTPP (ZnTCPP) with carboxyl groups occupying the 4’ position of the 

meso aromatic group3-6.  Indeed, this approach has been employed to generate ZnTCPP 

derivatives with carboxyl groups in the 3’ and 4’ positions to investigate the implications of 

different porphyrin binding arrangements on the efficiency of the DSSC device7.  However, this 

synthetic methodology of sensitiser development limits the possible number of dye motifs to a 

handful of structures.  As the only possible final product (without any further synthetic steps) is 

a symmetric, tetrakis carboxyl porphyrin7-9. 

Alternative synthetic methods of modification to the porphyrin core (particularly at the meso 

position) allow for a more varied selection of possible dye structures.  A popular approach is to 

utilise coupling reactions to append various substituents directly to the porphyrin core.  This 

methodology has generated a number of successful sensitiser motifs10-13. Indeed the best 

performing porphyrin based dye sensitiser is a meso substituted acetylene species (Figure 1.3.1 

b)) generated using this established synthetic method10. 

Another approach14,15 is to synthesize a series of asymmetric meso derivatives from separate 

dipyrrin moieties (each encompassing a unique substituent), then use a final condensation to 

form the subsequent species16-18.  This method allows for the attachment of separate species to 

the core which would not be synthetically compatible and does away with difficult separation 

procedures.  This approach allows for formation of either the disubstituted trans or cis product.  

This has already been illustrated with a series of porphyrin dimers19,20.   
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a) b) 

Figure 3.1.1: a) Structure of P199 dye as published by Mozer et al21.  b) Structure of YD-2 dye 

as published by Bessho et al10,22. 

 

Systematic research on the electronic structure of meso substituted porphyrins has not been a 

focus in the literature.  Studies are limited to a few examples where supplementary electronic 

structure information was required to illustrate the observed data23,24.  Consequently, a coherent 

and systematic study on the effect of meso substitution on the porphyrin core is required if the 

meso substitution effects are to be understood or utilised in designing novel sensitiser dyes. 

One reason for the lack of study of meso substituent effects was the perception that they induce 

a negligible electronic perturbation to the porphyrin core.  This belief came about from a 

number of observations.  The electronic absorption spectrum of ZnTCPP is almost identical to 

ZnTPP4, implying only minor modification to the four-frontier molecular orbitals. The meso 

phenyl rings also sit orthogonal to the macrocyclic plane (at least with a 60 o dihedral25) which 

also suggests only a minor communication between the macrocycle π-system and any meso 

substituents is possible.  Further evidence that supported this view was a time resolved 

resonance Raman (TR2) experiment on ZnTPP which  implied that the excited state does not 

extend onto the meso substituents26.  However, these experiments studied porphyrins which only 

encompass symmetric meso substitution to the porphyrin core.  In this chapter, two separate (but 

related) meso substituted porphyrin series are studied to answer a number of questions relating 

to the degree, and nature of their electronic modification of the porphyrin core.  They are related 

in that they both encompass a cyanocarboxyl binding group at one meso position (to tether the 

dye to a TiO2 substrate), and that there is a separate chemical moiety substituted to the meso 

position trans to the cyanocarboxyl group. The effect of meso substituents with asymmetrical 

substitution patterns, in which electron donor and acceptor groups are appended to the 



59 
 

porphyrin core was used to gauge the perturbation from the use of directed electronic 

substituents.          

The compounds studied were a series of porphyrins in which substituents were introduced at 

opposite meso positions (X and Y in Figure 3.1.2); mesityl groups (which in this case are 

electronically benign) were present in the residual meso positions.  In this first group of 

compounds (Table 3.1.1) the focus was on gauging the effective conjugation which exists 

between the core and the binding cyanocarboxylate functionality.  This was achieved though 

investigation of analogous species which have either thiophene or benzyl groups at the binding 

meso site.  Furthermore, the perturbation of the porphyrin core was asymmetric due to the 

presence of X substituent which also included a thiophene or phenyl ring.  This way the 

effective electronic contribution from this position could be gauged.  Note: Ph-ZnP-Thio is a 

previously reported structure27,28. 

N

N N

N

X

Y

Zn

 

Figure 3.1.2:  The general structure of the first series of substituted porphyrin species presented 

in this work, X and Y substituents relate to Table 3.1.1. 

 

Table 3.1.1: Substituent groups relating to Figure 1.3.2 with naming scheme. 

 Ph-ZnP-Ph Ph-ZnP-Thio Thio-ZnP-Ph Thio-Ph-Thio 

X 

  

S

 

S

 

Y 

CO2H

CN

 

S

CN

CO2H CO2H

CN

 

S

CN

CO2H 

 

 



60 
 

In a second series of compounds (Table 3.1.2) an additional hypothesis was tested.  The X 

substituents in this group are redox active species, either being able to be readily oxidised, (e.g. 

ferrocene), or reduced, (e.g. quinone) by the porphyrin excited state.  Coordination complexes, 

such as N3, that are efficient DSSC dyes absorb through MLCT transitions in which the metal is 

formally oxidised and the ligand reduced.  Once electron injection to the CB of TiO2 is 

complete the oxidised dye has the ‘positive hole’ localised at the metal centre.  The effective 

charge localisation of the dye cation is considered a factor contributing to the performance of 

ruthenium dyes.  Here the ruthenium centre is formally oxidised and the positive charge is held 

off the TiO2 surface. Thus reducing back electron transfer (to the cation) and providing a 

reaction volume for the I3
- electrolyte that is also held off the TiO2 surface29. 

The hypothesis tested using the second group of porphyrins is that: (1) The redox species 

attached at the meso position would affect the electronic structure of the porphyrin; (2) The 

oxidised species would have the positive hole directed towards the X substituent.  By utilising X 

functionalities with differing redox potentials the magnitude of these effects can be determined.      

 

N

N N

N

X

Zn

CO2H

CN

 

Figure 3.1.3:  The general structure of the second series of substituted porphyrin species 

presented in this work, X substituents relate to Table 3.1.2 
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Table 3.1.2: Substituent groups relating to Figure 1.3.3 with naming scheme. 

 Fc-Ph-ZnP Fc-ZnP TPA-ZnP Terthio-ZnP 

X 

Fe

 

Fe

 

N

 
S

S

S

 
 Pyr-ZnP BzThio-ZnP DiMeBz-ZnP Dio-ZnP 

X 

 

S

 

O

O
 

O

O
 

 

 

The emission behaviour of Zn(II) porphyrins (indeed of most regular porphyrins) is relatively 

well understood, emission occurs primarily from the S1(π-π*) state though luminescence from 

S2(π-π*) can also be observed30,31.  Vibronic coupling of the S1 and the ground state gives rise to 

two emission bands, Q(0,0) and Q(1,0) which are the mirror image to the vibronically coupled 

Q absorption bands32. For ZnTPP the Q(1,0) band has an intensity roughly 50% greater than 

Q(0,0) transition33,34.   The overall quantum yield of this process is of the order of ~0.03, the 

‘heavy atom effect’ (coordination of larger transition metal ions) has been shown to increase the 

quantum yield33.  Phosphorescence can be observed from low temperature34 but within the 

context of this thesis it is not considered.  The emission spectra of Zn(II) porphyrins are also 

very sensitive to the choice of solvent, coordinating solvents in particular display significant 

perturbation to the spectra due to ligation of the Zn(II) ion35.  Due to being perceived as 

electronically benign, the emission properties of meso substituted porphyrins have not been 

dealt with to any significance in the literature.   

 

3.2 Results and Discussion 

3.2.1 Density Functional Theory Calculations  

DFT geometry optimisations (B3LYP/6-31G(d)) were carried out to determine the physical 

structure of the porphyrins of interest (Tables 3.1.1 and 3.1.2). Previous conformational 
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analysis has indicated that substituted porphyrin species exist with the meso phenyl groups in a 

D2h symmetrical arrangement36.  With the porphyrins reported here, the meso aromatic rings are 

mesityl units and contain methyl groups at the 2’, 4’ and 6’ positions.  As such, they lie 

orthogonal to the porphyrin plane (entirely due to sterics from the 2’ and 6’ methyl groups).  

This retains the aromatic groups in a D4h-like conformation about the porphyrin ring and aids in 

simplifying the calculation due to the restricted degrees of freedom.   

In their respective ground states the majority of the substituent species retain planarity of the 

porphyrin core (Zn(II) porphyrins are characteristically planar34) except for Fc-ZnP.  Here a 

ferrocene moiety is appended directly to the porphyrin ring; the cyclopentadiene ring aligns 

itself at a dihedral 15o with respect to the remainder of the porphyrin core.  As such, there is a 

steric restriction with the hydrogens of the cyclopentadiene ring and the adjacent β hydrogens.  

This results in an out-of-plane doming of the porphyrin macrocycle so as to reduce the steric 

interactions and improve conjugation between the two units.  A similar structural effect has 

been observed in related bis-meso ferrocenyl porphyrins37.   

Confirming the accuracy of DFT calculations through verification with experimental 

spectroscopic data has been illustrated with a number of case studies in the literature36,38-41.  In 

lieu of this, the calculated vibrational spectra of these species have been evaluated and 

compared to their respective experimental spectra.  The correlation between the calculated 

spectra and the experimental data can easily be gauged with the mean absolute deviation (MAD) 

of the vibrational wavenumbers.  The method for determining MAD values is to identify all 

peaks in the experimental spectra that are at least 20% of the intensity of the strongest band and 

correlate them with the calculated modes (based on energy and intensity patterns).  A MAD 

which approaches the spectrometer resolution of 4 cm-1 is an exceptional result, but generally 

anything <10 cm-1 represents a good correlation between the experimental data and the DFT 

calculation42.    The calculated vibrational energies have been scaled by a factor which optimises 

the MAD values.  A scaling value is required as the vibrational spectra is calculated based on 

the variational theorem within a harmonic potential and consistently over predicts the calculated 

vibrational energies43.  These scale factors vary between 0.958 and 0.971, while the 

corresponding MADs lie in the range between 4 and 10 cm-1.  These MAD values show that 

there is a satisfactory correlation between the experimental data and the DFT calculations.  

Therefore the DFT calculations can be used in the analysis of electronic properties of these 

species.  A full listing of all MADs and scale factors, as well as the experimental vibrational 

spectra can be found in Appendix 2.2.  

Given the design rationale for our first series of porphyrin compounds; that is, to improve 

conjugation between the macrocycle and the meso binding group it is important to examine the 

structural orientation in this region of the molecule.  The calculated dihedral for the meso Y 
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functionality for Ph-ZnP-Ph is 59.5o while for Ph-ZnP-Thio it is decreased slightly to 57.0o, 

the reduction in dihedral is not large but it does show proof of concept.   

 

 

Figure 3.2.4:  Molecular orbital energy diagram showing the FMOs, HOMO-1 to LUMO+2 for 

the first porphyrin series, X-ZnP-Y.  Symmetry orbital labels are explained in the introduction 

and in this text. 

 

From an electronic structure perspective, substitution of the porphyrin core at the meso position 

does bring about some modification of the frontier molecular orbitals (FMOs).  Figure 3.2.4 

depicts the molecular orbital (MO) energy diagram and Table 3.2.3 shows the calculated 

FMOs1 of the first series of porphyrins.  The meso substitution results in a decrease in the 

energy of the occupied FMOs and a modification of the unoccupied MOs.  The egx and egy 

orbitals of the X-ZnP-Ph species, mix with each other and with a meso phenyl-cyanocarboxyl 

based MO to generate three new unoccupied MOs denoted as e1, e2 and e3.  e1 is almost entirely 

based on the binding group, while e2 remains localised on the porphyrin macrocycle, e3 has 

contributions from both species but still remains largely phenyl based.  The FMOs now exist as 

five distinct orbitals and so any interpretation of the electronic absorption spectra must be 

considered within a ‘five-orbital model’ rather than the standard four-orbital Gouterman 

model44.    

 

 

                                                             
1) In this chapter FMOs relate to the orbitals HOMO-1 through to LUMO+2 for the meso substituted 
porphyrin species.   
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Table 3.2.3: Selected frontier molecular orbitals for the first porphyrin series, X-ZnP-Y. 

 ZnTPP Ph-ZnP-Ph Ph-ZnP-Thio Thio-ZnP-Ph Thio-ZnP-Thio 

e3  

    

e2 

 
    

e1 

 
    

a2u 

 
    

a1u 

 
    

 

A similar FMO pattern is observed for the X-ZnP-Thio species, the only difference is that there 

is no mixing of the eg orbitals with each other.  In this case, they retain their x and y polarised 

character, consistent with B1g and B2g character of a D2h porphyrin.  If such a case is true it 

appears that the phenyl groups disrupts and lowers the symmetry of the core to D2h while the 

thio derivatives do not have the same interaction and so the core retains D4h microsymmetry.  

This type of MO motif has been previously noted in similar structures of the type found in 

Figure 3.1.1 b) which can also be considered as a porphyrin of D2h symmetry24.    

The second series of meso porphyrins display very similar FMO energy patterns to the first 

series (Figure 3.2.5).  The mixing of the meso based orbitals with the eg orbital set splits these 

previously degenerate UMOs into three new MOs, e1, e2 and e3.  With similar character to that 

observed in the first porphyrin series.  It can be inferred that the splitting pattern we observe 

here is characteristic of asymmetric meso substitution with electron donating and withdrawing 
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groups.  The use of different substituents has only minor effects on the nature of the unoccupied 

FMOs but does alter the energy of the a1u and a2u MOs.   

 

 

Figure 3.2.5:  Molecular orbital energy diagram for the second porphyrin series, X-ZnP.  

Orbitals HOMO-1 through LUMO+2 are depicted with symmetry labels explained in the text, 

the energy of the S+ hole orbital is also included. 

 

The X functionalities impose a perturbation to the energy of the a2u orbitals and in general the 

magnitude of the perturbation follows the amount of orbital mixing which occurs between the 

a2u MO and the X substituent component.  The a2u orbital is particularly susceptible in this case 

as it encompasses a nodal plane on the meso carbon, whereas the a1u orbital does not45.    Where 

the mixing is significant (i.e. Fc-ZnP and Terthio-ZnP) there is a significant rise in the energy 

of the a2u MO, as it becomes delocalised across the porphyrin macrocycle and the X moiety.  

Strong coupling of the ferrocene d-orbitals to the a2u MO has also been calculated for related, 

bis(ferrocenyl)porphyrins. Indeed spectroelectrochemical experiments of these systems have 

shown that there is substantial communication between Fc units and the porphyrin core when 

directly bound to the meso position37.   

 

 

 



66 
 

Table 3.2.3: Selected frontier molecular orbitals for the second porphyrin series, ZnP-X. 

 ZnTPP BzThio-ZnP 
DiMeBz-

ZnP 
Dio-ZnP Fc-Ph-ZnP 

e3  

    

e2 

     

e1 

     

    

 

 

a2u 

     

a1u 

     

S+   
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 ZnTPP Fc-ZnP Py-ZnP Terthio-ZnP TPA-ZnP 

e3  

    

e2 

     

e1 

     

a2u 

     

  

 

  

 

a1u 

     

S+   

   
 

 

In some cases, orbitals which have characteristics inconsistent with the ‘five-orbital model’ 

occur; these are depicted in Figure 3.2.5 as purple MO levels.  This occurs for the Fc-Ph-ZnP 

and TPA-ZnP species, an orbital almost degenerate in energy to the a1u MO and localised on 

the X moiety is observed.  Despite these MOs being of degenerate energy almost no orbital 

mixing is observed, this occurs due to negligible overlap between the respective orbital 

components. TPA-ZnP is slightly different to the previous case, as a2u and the additional orbital 

both show mixing between the porphyrin macrocycle and the TPA moiety.  This can be 

considered as an additional configuration interaction between the occupied TPA and a2u MOs 
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which mix to create two new orbital species, one of which happens to coincide with the energy 

of the a1u MO.    

Dio-ZnP differs from the other derivatives as an additional unoccupied MO is calculated to be 

entirely localised on the benzoquinone moiety.  Benzoquinones are well known redox active 

species and when appended to the porphyrin macrocycle they act as strong electron withdrawing 

substituents.  This accounts for this additional, unoccupied MO calculated at an energy between 

the a2u and e1 MOs.   

Considering the aim of studying this series of compounds was to characterise where the ‘hole’ is 

retained on the oxidised molecule, DFT calculations on the cationic species were carried out.  

Their energies are depicted in Figure 3.2.5 and their electron density plots are also included in 

Table 3.2.3.  The geometries of the cations relax as saddled structures, consistent with crystal 

structures of oxidised porphyrin analogues46 and spectroscopic data47.  The relative energies of 

the holes (S+ MO in Figure 3.2.5) closely mirror that of the a2u orbital (i.e. they do not increase 

or decrease in energy relative to each other but their overall energies may change).  Likewise, 

the calculated electron density for the a2u and S+ orbitals are almost super-imposable and implies 

that the first oxidation of the porphyrin is restricted to removal of an electron from the a2u only 

(i.e. no mixing of FMOs).  The calculation of an a2u characterised cation is consistent with 

experimental evidence and the four-orbital model48,49.   The degree of modification of the S+ 

orbital energy from that observed for ZnTPP loosely follows the oxidation potential of the 

substituted moiety. The hole is largely localised on the X substituent (when it is electron 

withdrawing), but still retains some pure (ZnTPP-like) a2u character.  This demonstrates how 

the S+ MO can be tuned with differing meso substituents, though it appears that the hole remains 

delocalised across the porphyrin ring, even with strongly donating substituents (i.e. TPA).   

 

3.2.2 Electronic Absorption Spectroscopy  

The electronic absorption spectra of the first series of compounds are displayed below in Figure 

3.2.6 with the spectral data listed in Table 3.2.5.  All compounds display spectral patterns 

similar to unsubstituted ZnTPP with the characteristic B and Q bands and no evidence of 

aggregation is observed. The spectra show a loss in intensity of the Soret of ~50% and an 

increase in the overall intensity of the Q bands.  The B and Q bands show only minor energy 

shifts compared to the parent species and the intensity ratio between these bands are relatively 

constant; though there is an increase in Q band intensity upon meso substitution.  However, with 

suitable analysis of the spectra some interesting characteristics can be gleaned from its features 

(see section 1.3).  In all cases A˝1g increases in magnitude of at least 100 cm-1 over ZnTPP, 

reflecting spatially dissimilar electronic configurations of the excited states.  A΄1g also shows a 
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minor increase which can be attributed to splitting of the occupied and unoccupied orbitals sets.  

There does appear to be some variation in the energy difference between the Q(1,0) and Q(0,0) 

bands, ν .́  Although the excited state is multidimensional surface along 3N-6 normal modes, the 

magnitude of ν΄ does provide an indication of the average energy the vibrational modes that are 

coupled to the excited state.  The vibrational modes of the substituent species which couple to 

the S1 state are of higher energy than ZnTPP and may indicate an excited state associated with 

the meso groups which would show contributions from the ~1600 cm-1 meso aromatic breathing 

modes.  The observed spectra of ZnTPP and Ph-ZnP-Thio are consistent with previously 

published work27,28,50,51. 

 

Table 3.2.5:  Electronic absorption data relating to Figure 3.2.6 

Compound B(0,0) 
/ nm 

Q(1,0) 
/ nm 

Q(0,0) 
/ nm 

A˝1g 
a) 

/ cm-1 
A΄1g 

a) 

/ cm-1 
ν΄ b) 

/ cm-1 

ZnTPP 424 555 595 3389 20196 1211 
Ph-ZnP-Ph 422 552 597 3473 20224 1366 
Thio-ZnP-Ph 421 552 598 3515 20238 1394 
Ph-ZnP-Thio 420 550 593 3473 20336 1318 
Thio-ZnP-Thio 424 553 601 3473 20112 1444 
       

a) See section 1.3, error in these parameters is estimated at ~50 cm-1,  b) ν  ́= Q(1,0) – Q(0,0) 

 

 

Figure 3.2.6:  Electronic absorption spectra of the first series of porphyrin species, 

concentrations are approximately 10-6-10-5  mol L-1 in CH2Cl2.  The ZnTPP spectrum has been 

scaled by 0.5 to remain on the same y-axis. 
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The electronic absorption spectra of the second series of porphyrin compounds is displayed in 

Figures 3.2.7 and 3.2.8 with the spectroscopic data tabulated in Table 3.26.  The results here 

are similar to those of the first series; there is no major shift in the energy of the transitions, the 

B band is broadened and the Q bands increase in intensity.  Likewise A΄1g, A˝1g and ν  ́ are 

calculated with similar values across the series.  The only major deviation in spectral features is 

the appearance of an additional band at 624 nm in the spectrum of Dio-ZnP.  As discussed 

previously there is a benzoquinone based MO which exists at lower energy to the regular, 

porphyrin based FMOs (Figure 3.2.5 and Table 3.2.4).  A simple ΔSCF calculation52 of the 

energy gap between this orbital and the a2u MO predicts a transition of 659 nm (1.88 eV).  This 

is of a similar magnitude to the experimentally observed band and suggests that this electronic 

transition relates to population of the benzoquinone centred orbital.   

 

 

Figure 3.2.7:  Electronic absorption spectra of the second series of porphyrin species, 

concentrations are approximately 10-6-10-5  mol L-1 in CH2Cl2 

 

The TPA-ZnP species has an electronic absorption spectrum which is much less perturbed than 

expected.  There is precedence in the literature where tertiary amine units are bound directly to 

the meso carbon to display absorption spectra with additional transitions between the B and Q  

bands53,54.  It appears that the aromatic spacer between the nitrogen and the porphyrin ring 

impedes any electron donating capability the amine might infer to the ring.  A similar 

conclusion can be made about Fc-Ph-ZnP, it displays spectral features which are very similar to 

ZnP (the DFT calculations are also similar) compared to Fc-ZnP which is distinctly different to 

either of the previous cases.  One would then foresee that any attempt to modify the absorption 
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characteristics of the porphyrin through substitution at the X position are best served by a direct 

attachment of the active moiety. 

 

 

Figure 3.2.8:  Electronic absorption spectra of the second series of porphyrin species, 

concentrations are approximately 10-6-10-5  mol L-1 in CH2Cl2.   

 

Table 3.2.6:  Electronic absorption data relating to Figure 3.2.7 and 3.2.8. 

Compound B(0,0) 
/ nm 

Q(1,0) 
/ nm 

Q(0,0) 
/ nm 

A˝1g 
a) 

/ cm-1 
A΄1g 

a) 

/ cm-1 
ν΄ b) 

/ cm-1 

ZnTPP 424 555 595 3389 20196 1211 
Fc-Ph-ZnP 420 551 594 3487 20322 1314 
Fc-ZnP 422 551 604 3570 20126 1593 
TPA-ZnP 421 551 596 3487 20266 1370 
Terthio-ZnP 424 552 598 3431 20154 1394 
Py-ZnP 424 551 594 3375 20210 1314 
BzThio-ZnP 423 550 595 3417 20224 1375 
DiMeBz-ZnP 420 549 592 3459 20351 1323 
Dio-ZnP 419 549 589 3444 20422 1237 
       

a) See section 1.3, error in these parameters is estimated at ~50 cm-1, b) ν  ́= Q(1,0) – Q(0,0) 

 

Time-Dependent DFT (TD-DFT) calculations were also completed on this set of compounds, 

but were not relied upon for interpretation of the electronic absorption spectra.  The 

experimental resonance Raman data was sufficient to determine the nature of the initially 

excited electronic states.  Some minor interpretation of the TD-DFT results also reveals 
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calculated transitions which are not consistent with the experimental data. Indeed, the calculated 

transitions of Fc-ZnP determined a band at low energy (580 nm) of appreciable intensity which 

was distinct from the calculated Q band.  Other DFT studies of analogous structures have shown 

that these calculated transitions contain a significant amount of charge transfer (Fc→Porphyrin) 

character55.  However, such a band is not observed in our experimental electronic absorption 

spectrum.  Although the energy of the calculated transitions are within 0.2 eV of the 

experimentally observed bands the orbital contribution of these transitions are inconsistent with 

the analysis of the resonance Raman data.  The calculated transition for the blue edge of the B 

band was determined to encompass a significant contribution from the e1 MO in a number of 

species.  However such a transition occurring at this energy is inconsistent with interpretation of 

the Raman spectra.  Although TD-DFT has been shown to be a useful technique for 

understanding the electronic spectra of a number of meso porphyrins derivatives, it appears that 

for these systems it is ineffective.  This may be due to the presence of a large number of 

transitions which lie close in energy.  The inability to predict cases where its accuracy is 

diminished restricts its use as a general technique for analogous structures (in the author’s 

opinion).  When experimental data is present to explain the various electronic features (as is the 

case here) the usefulness of TD-DFT to aid in assignment is diminished.  Full TD-DFT results 

can be found in Appendix 3.1.     

 

3.2.3 Emission Spectroscopy  

The emission characteristics of these species reveal some interesting electronic features.  The 

spectra are displayed in Figure 3.2.9 with tabulated data in Table 3.2.7.  The X-ZnP-Ph 

species shows a slight decrease in the energy of the Q(0,0) band relative to ZnTPP, indicating a 

lower energy S1 state in these species.  While a concurrent increase in the intensity of this band 

is observed, implying a decreased degree of distortion on the excited state (i.e. smaller ΔQ).  

The X-ZnP-Thio emission spectra are uncharacteristic of porphyrin species.  A single, 

asymmetric band is observed, at slightly lower energy than the vibronic emission band of 

ZnTPP.  The asymmetry of the band implies a continuum of transitions of lower energy, i.e. 

further vibronic transitions to higher ν’ levels.  The slight red-shift in the observed band is 

consistent with a lowering of the S1 state.  The lack of a distinct 0-0 band and the wide feature 

of this transition are consistent with a larger structural distortion on the excited state surface 

(larger ΔQ).  Thiophene substituents appended to porphyrins at the β position have been shown 

to display a greater structural distortion across the excited state compared to the phenyl 

analogues40.  It is thus consistent to conclude that a similar effect is occurring with these 

systems.  

 



73 
 

 

Figure 3.2.9:  Emission spectra of the first series of porphyrin species, concentrations are 

approximately 10-5 mol L-1 in CH2Cl2.  Spectra were taken with an excitation wavelength of 400 

nm.  Spectra have been normalised to the intensity of the strongest emission peak. 

 

Table 3.2.7:  Spectral emission data relating to Figure 3.2.9. 

Compound λ0-0 
/ nm 

λ0-1 
/ nm 

E0-0 
/ cm-1 

Δνs
a 

/ cm-1 
ν΄b 

/ cm-1 

ZnTPP 600 645 16667 140 1163 
Ph-ZnP-Ph 604 646 16556 194 1076 
Ph-ZnP-Thio  650   - 
Thio-ZnP-Ph 610 648 16367 497 961 
Thio-ZnP-Thio  656  - - 
      

a) Δνs = Eabs-Eem, error ~ 100 cm-1,  b) ν  ́= E0-0-E0-1 

 

The majority of the second porphyrin series display emission spectra similar to that of ZnTPP 

(see Appendix 4.1 for figures), with only some minor variation in peak position and intensity.  

These slight variations reflect a slight perturbation to the energy and nature of the THEXI state, 

further implying that the substitution patterns displayed here have only a minor effect on the 

excited state properties.  Likewise, the calculated stokes shift, Δνs display only minor 

differences between species though these are largely within the uncertainty of this calculated 

parameter.  The Fc-ZnP derivative did not display any noticeable emission.  Analysis of the 

calculated e1 orbital for this species reveals that the electron density is delocalised across the 

entire π system, with notable amplitude on the ferrocene moiety.  A likely case is a coupling of 
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the porphyrin excited state with the ferrocene facilitates a non-radiative deactivation pathway 

via the ferrocene d orbitals or through localised oscillations.     

 

 

Figure 3.2.10:  Emission spectra of ZnTPP, Terthio-ZnP and Dio-ZnP, concentrations are 

approximately 10-5 mol L-1 in CH2Cl2.  Spectra were taken with an excitation wavelength of 400 

nm.  Spectra have been normalised to the intensity of the strongest emission peak. 

 

Table 3.2.8: Spectral emission data relating to the second porphyrin series. 

Compound λ0-0 
/ nm 

λ0-1 
/ nm 

E0-0 
/ cm-1 

Δνs
a 

/ cm-1 
ν΄b 

/ cm-1 

ZnTPP 600 646 16667 140 1163 
Fc-Ph-ZnP 606 646 16502 333 1022 
Fc-ZnPc      
TPA-ZnP 607 648 16474 304 1042 
Terthio-ZnP 620     
Py-ZnP 603 647 16584 251 1128 
BzThio-ZnP 606 649 16502 305 1093 
DiMeBz-ZnP 607 645 16474 417 971 
Dio-ZnP 608 633/654 16447  650/507 
      

a) Δνs = Eabs-Eem, error ~ 100 cm-1  b) ν  ́= E0-0-E0-1, c) Emission not observed 
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Both Dio-ZnP and Terthio-ZnP show distinct spectra and are easily differentiated from the other 

species (Figure 3.2.10).  Terthio-ZnP displays only a single, asymmetric peak, similar to that 

observed with the previous X-Zn-Thio derivatives.  The precedence of this peak (and previous 

assignment) as well as the nature of the calculated e1 orbital indicates that the excited state of 

this species is well delocalised across the terthiophene substituent.  The energy of this state is 

also calculated to be approximately 450 cm-1 below that of the related phenyl substituted species 

(i.e. Ph-ZnP).  The emission spectrum of Dio-ZnP is clearly not characteristic of a porphyrin; 

three bands, very close in energy are observed.  A number of interpretations can be made from 

this but it is clear that the excited state of this species is significantly different to the other 

species.  DFT calculations on this species have shown that the lowest energy orbital is localised 

entirely on the dione moiety, rather than spread over the macrocycle as is the case for the other 

structures.  This would imply that the excited state would emit from a state strongly associated 

with this MO.  The energy splitting between the bands is also much lower at 633/654 cm-1 

which indicates a different nature of vibronic coupling compared to a porphyrin based excited 

state.  The DFT frequency calculations determine a mode at 612 cm-1 which is highly associated 

with an out-of-plane torsional mode of the dione functionality.  The superposition of these 

factors leads to the conclusion that emission occurs from a state localised on the dione 

functionality which is coupled to the ground state, porphyrin centred MOs via some out-of-

plane dione vibrations.  The observation of an intense (1,0) emission is consistent with a 

structural distortion along the normal coordinate between the ground and excited states. 

  

3.2.4 Resonance Raman Spectroscopy  

Resonance Raman (RR) spectroscopy may be used to probe the nature of the Frank-Condon 

excited state surface of these species40 (see section 1.6 and 1.7).  The RR spectra of ZnTPP, Ph-

ZnP-Ph and Ph-ZnP-Thio at 406 nm excitation (excitation of the blue edge of the B band) 

(Figure 3.2.11) are largely indiscernible from each other.  The observed bands are the 

completely symmetric A1g modes and are consistent with the spectra of a regular D4h porphyrin.  

There is some shift in the energy of these bands and the data implies that the excited states of 

these species are similar in nature with 406 nm excitation.  However, when a 444 nm excitation 

source is used the spectra of Ph-ZnP-Ph and Ph-ZnP-Thio show some significant differences.  

A number of the A1g modes are retained but additional bands are also observed.  In all of the 

substituted species a strong band is observed at ~1600 cm-1.  Based on the vibrational DFT 

calculations this is assigned as the νC=C vibration of the binding unit.  The appearance of this 

band would imply that the excited state is spread right across the porphyrin macrocycle and has 

some significant amplitude on the binding moiety.  In concert with this, modes relating to the 

aromatic Y component (either phenyl or thiophene) can also be observed.  The bands at 1445 
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and 1537 cm-1 are assigned as the thiophene breathing modes, νThio, while the 1189 cm-1 peak is 

a characteristic phenyl breathing mode, νPh.  All of these observed vibrational modes can be 

considered characteristic of population of the e1 molecular orbital.  This is consistent with an 

excited state (of meso asymmetrically substituted porphyrins) which is not localised on the 

macrocyclic core, but is extended towards regions of electron withdrawing moieties. 

The RR spectra (at both 406 and 444 nm excitation) of Thio-ZnP-Ph and Ph-ZnP-Ph are 

indistinguishable from each other.  Likewise there are few spectral differences between Thio-

Ph-Thio and Ph-ZnP-Thio.  This suggests that in terms of an electronic contribution to the 

system the X functionality is electronically benign with respect to the FC state.  The nature of 

the excited state (at least in terms of the Soret band) is entirely defined by the electronic 

characteristics of the Y group.  We can extend this to say that the excited state of any 

asymmetrically substituted meso porphyrin will be strongly associated with the meso group 

which encompasses the electron withdrawing component.   

 

         

Figure 3.2.11:  Resonance Raman spectra of ZnTPP and the first porphyrin series with 406 

(left) and 444 nm (right) excitation, concentrations are approximately 10-3 mol L-1 in CH2Cl2.  

Spectra have been normalised to the intensity of the strongest peak. 

 

The spectra of the second series obtained with 406 nm excitation (Figure 3.2.11) are 

indistinguishable between each species.  The only major deviation in spectral features of the 

meso derivatives compared with ZnTPP is a pronounced enhancement of the ν4 mode over the 

other vibrations.  The spectra with 444 nm excitation (Figure 3.2.11) all display exactly the 
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same features between compounds (though the excitation pattern differs to the 406 nm spectra) 

except for two of the compounds: Thio-ZnP and Dio-ZnP.  Thio-ZnP show the same 

porphyrin centred vibrations but also display prominent bands at 1045, 1468 and 1506 cm-1.  

Based on our DFT calculations and consistent with literature findings52,56 these vibrations are 

assigned to the terthiophene substituent, the νC=C mode still shows some enhancement but it is 

diminished.  This indicates that the structural distortion associated with the initially excited state 

is delocalised across the terthiophene moiety as well as towards the binding region.  The DFT 

calculations for this species show the a2u MO with significant electron density on the thiophene 

moiety while the unoccupied FMOs are centred on the porphyrin macrocycle and towards the 

binding group.  A transition in which the thiophene group acts as a donor to the porphyrin 

macrocycle (a2u→e1) is consistent with this observed Raman enhancement pattern.  

 

 

Figure 3.2.12:  Resonance Raman spectra of ZnTPP and the second porphyrin series with 406 

(left) and 444 nm (right) excitation, concentrations are approximately 10-3 mol L-1 in CH2Cl2.  

Spectra have been normalised to the intensity of the strongest peak. 

 

Within this series there are also some subtle differences between the spectra taken at 444 nm 

excitation.  Fc-ZnP displays a relatively weaker νC=C band compared to other species, and is 

much less intense than the ferrocene analogue, Fc-ZnP.  This can be interpreted as an excited 

state which does not predominantly reside on the binding meso functionality.  It is possible that 

in this energy range, Fc→Porphyrin transitions are also probed, consistent with TD-DFT studies 

of these structures55.  The presence of such transitions would decrease the likelihood of 

excitations terminating on the binding region and would thus explain the decrease in the νC=C 
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band intensity; Fc modes (or at least the high energy vibrations) would not be enhanced in such 

a case (none can be readily discerned) as the Fc based orbital (there is appreciable density on the 

Fc moiety in the HOMO) is largely localised on the iron d orbitals and does not extend onto the 

aromatic cyclopentadiene rings.   

The spectra taken with 406 nm excitation (Figure 3.2.12) for the second porphyrin series are 

practically identical between species despite the varying nature of the meso substituents.  This 

reflects the previous assessment that the transitions which occur on the blue edge of the Soret 

are entirely localised on the porphyrin core.  As with the first series, the resonance Raman 

spectra taken with 444 nm excitation (Figure 3.2.12) displays strong enhancement of the νC=C 

mode at ~1600 cm-1 in all cases.  This reflects delocalisation of the excited state of this 

transition towards the binding carboxyl group, certainly a desirable trait for DSSCs.   

The Terthio-ZnP species also displays a number of additional, prominent bands with 444 nm 

excitation which lie at 1045 and 1467 cm-1.  DFT calculations and previous publications40,56 

assign these bands as vibrations localised on the terthiophene moiety.  Enhancement of these 

bands suggests an electronic transition with delocalised character, since both thiophene and νC=C 

modes are quite prominent in the spectrum.  The calculated a2u orbital is almost entirely 

thiophene based while the e1 MO is localised on the binding meso group.  A transition which 

occurs between these two MOs would give an enhancement pattern consistent with what is 

observed here.  The emission data above would also suggest this is the case in the relaxed S1 

state.   

Bands attributed to benzoquinone vibrations57 are not observed in any of the spectra of Dio-ZnP 

despite a calculated low energy MO which resides on this moiety, indicating that the excited 

state is not spread onto this component at the probed excitation energies.  However excitation of 

the 624 nm transition of Dio-ZnP would more than likely show enhancement of benzoquinone 

vibrations (as it is believed the transition terminates on this substituent), but suitable Raman 

spectra could not be measured at these excitation wavelengths due to intense emission from the 

sample(s). 

 

3.3 Conclusion 

Appending asymmetric meso substituents to zinc(II) porphyrins results in a modification of the 

frontier molecular orbitals in terms of their nature and energy.  DFT calculations suggest that 

the meso substituents do significantly affect the electronic structure of the porphyrin core.  

These changes can be rationalised in a ‘five orbital model’ in which the UMOs that reside on 

the substituent and porphyrin components interact.  Furthermore the DFT calculations also 
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suggest that the redox active meso substituents will carry the positive hole in the oxidised 

porphyrin. 

The resonance Raman spectra show some perturbation of the resonant absorbing state for the 

compounds.  The similarity between resonance Raman spectra for each of the series of 

compounds with excitation of the blue edge of the B band suggests that the dominant electronic 

absorption features remain porphyrin-based.  Excitation at the red edge of the Soret reveals 

meso centred vibrations, which suggests an excited state involving delocalised MOs that have 

substituent character.  This can be related in terms of the five-orbtial model; the B (the blue 

edge of this transition) and Q bands arise from the configuration interaction of the a1u, a2u and 

unperturbed egx orbital while the transition at the red edge is comprised of an excitation to the e1 

orbtial.  

It was found that the use of a smaller aromatic ring at the meso position (i.e. thiophene) is not 

required to achieve effective electronic communication between the porphyrin core and the 

meso binding site (at least in the excited state).  The X-ZnP-Ph species already have significant 

charge-transfer characteristics associated with B band excitation.  The second porphyrin series 

has shown (particularly with DFT calculations of the dye cation) that the nature and redox 

activity of the oxidised porphyrin species can be suitably tuned with judicious selection of redox 

active species at the X position.  This study adds to the growing literature regarding the 

synthetic design of porphyrin dyes and also reveals some previously unknown features 

associated with the electronic structure of meso substituted porphyrins.     
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Chapter 4 

 

Electronic structure of some copper(II) β 

substituted porphyrins 

 

4.1 Introduction 

A number of literature studies have shown that the electronic structure of the porphyrin core can 

be perturbed by β-substitution1-5.  The attachment of small, simple chemical functionalities (e.g. 

–NO2, -CN, -Cl, -SPh, -NH2) at a single β position has been shown to perturb the a1u and a2u 

orbital energies.  The use of specific groups may also alter the relative ordering of these MOs in 

the ground3 and oxidised states6.  Substitution at all eight β positions shows less tunability of the 

a1u/a2u MOs (i.e. alteration of orbital ordering is not achieved), presumably because the D4h 

symmetry of the macrocycle is not perturbed7.  

This subtle electronic modification is contrasted with the modification of porphyrins which 

contain conjugated β-substituents.  These species display strongly red-shifted and broadened 

electronic absorption bands (in some cases additional transitions are observed) which can be 

tuned with judicious selection of groups terminating the conjugated moiety1,2,4,5,8-10.  Where 

electron withdrawing terminal functionalities are used the observed electronic transitions will 

display intramolecular charge transfer properties, as has been verified with previous resonance 

Raman studies2,5.  A similar effect is obtained when adjacent β positions are fused with aromatic 

rings to create an extended porphyrin system.  Such a structural modification has provided a 

number of dyes which are effective DSSC sensitisers11-16.   Greater extension of the porphyrin π-

system along these axes can give rise to electronic transitions well into the infrared region17-19. 

The effect of substitution at two β positions on the porphyrin ring has not been extensively 

investigated.  Natural porphyrin based pigments such as oxo-bacteriochlorin which displays 

multiple β functionalisations have been shown to absorb over a broad spectral range and also 

display effective charge generation within a DSSC device20,21.  Heck-type synthetic procedures 

now make it possible to functionalise two separate β carbons with conjugated substituents.  

Such a modification leads to a much more broadened and red-shifted absorption spectrum than 
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that achieved with a single β-substituent22.  Structures of this type have also shown promising 

performance as photoactive dyes23,24. 

It has been determined that conjugated β-substituents significantly perturb the energy and nature 

of the porphyrin FMOs, specifically the egx MO.  This orbital has a node on the β carbon 

attached to the conjugated linker that will mix with the orbital contributions from the β 

substituent and split into two additional orbitals (e1 and e3 on Figure 4.1.1).  The egy orbital 

(now the e2 orbital) is not of the correct symmetry to cause a similar mixing of MOs and so 

remains largely unaffected by the substitution.  The result of this electronic modification is a 

broadened and red-shifted absorption spectra on which the lowest energy excited state (strongly 

associated with the e1 MO) is delocalised across the conjugated β substituent2.  As discussed 

above, the degree to which this perturbation occurs (and its manifestation in the electronic 

absorption spectrum) can be altered with the nature of the conjugated β substituent1,2,4. 

We are also interested in tuning the energy and nature of the e2 orbital to allow further tunability 

of the excited state characteristics.  To do so would presumably require an additional 

modification to the β positions orthogonal to the conjugated substituent which encompass a 

node on the e2 MO.  It was hypothesized that addition of electron donating substituents would 

raise the energy of the e2 orbital, while electron withdrawing groups would lower it, possibly 

below the energy of the e1 MO (see Figure 4.1.1).  This type of alteration to the core may also 

allow for some modification of the a1u and a2u orbital energies vide supra, which may allow for 

better energy tuning with the I3
-/I- redox couple.   

Electronic modifications such as those described are desirable within the context of DSSC dyes. 

A broadened absorption spectrum (especially to the red) increases the overlap with the solar 

spectrum and promotes increased light harvesting.  While a delocalised excited state is more 

likely to couple efficiently with the conduction band of TiO2
10,25

. 

To this end we have investigated the series of Cu(II) porphyrins displayed in Table 4.1.1.  Here 

cyano and thio ether groups are used to modify the electronic structure and energy of the e2 

orbital, providing electron withdrawing and donating capabilities respectively.  Note that CuP-

CN-CO2H is not a compound which can be produced with the synthetic approach used to form 

the other species, it is however an analogous structure to this group and is included for 

computational comparison to the existing series. 
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Figure 4.1.1: Electronic structure diagram of D4h porphyrins and perturbation associated with 

substitution of a conjugated linker at the β position.  Also includes hypothesized energy levels 

for a doubly β-substituted porphyrin. 

 

Table 4.1.1:  Structures of Cu(II) porphyrins studied in this text 
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4.2 Results and Discussion 

4.2.1 Density Functional Theory Calculations 

The geometries were optimised with the B3LYP/6-31G(d) DFT method to determine their 

respective structural minima.  The meso aromatic functionalities were modelled as phenyl 

groups for computational simplicity and no symmetry constraints were imposed.  The 

macrocyclic core of CuP-CN optimises to a planar geometry, presumably to promote 

conjugation between the π-macrocycle and the cyano functionalities, while CuP-SMe, CuP-

CN-CO2H and CuP-SMe-CO2H are highly saddled and CuP slightly saddled (Figure 4.2.1).  

In the case of CuP-SMe this geometric distortion appears to be largely due to the steric 

interaction of the thio ether groups.  Such effects have been noted in the literature26-28, indeed 

distortions of this type are typical for biologically active porphyrins with sterically crowding 

groups29.  More so, a saddling of the porphyrin core appears characteristic of Cu(II) porphyrins 

with electron donating substituents, regardless of steric involvement30.  Saddling of CuP-CN-

CO2H is somewhat unexpected considering the CuP-CN parent porphyrin is planar and there 

appears to be no steric constraints from the additional β groups.  The double β substitution may 

induce this structural distortion without any additional steric constraints, however the data set 

we have here is insufficient to make any broad conclusions. The saddling of the porphyrin plane 

greatly modifies the electronic structure of the frontier molecular orbitals26,28, which manifests 

itself in a number of spectroscopic measurements.  The CuP-CN derivative displays some 

interesting structural distortions to the porphyrin core; the Cm-α, Cα-β, and Cβ-β bond lengths are 

0.2-1.8% elongated (0.003-0.025 Å) around the pyrroles which are substituted compared to 

regular CuP.  This is a case where the strong electron withdrawing ability of the cyano groups 

removes electron density from this region of the macrocycle.  This is however manifested 

differently depending on the site on the porphyrin ring, although the substituted pyrrole bonds 

are longer, the unsubstituted pyrroles undergo a ~0.2-0.3% bond lengthening (0.003-0.004 Å).  

The cyano group not only withdraws electron density from the porphyrin ring, but also 

redistributes it towards the unsubstituted pyrroles.  The CuP-SMe derivative, despite 

comprising electron donating substituents, exhibits lengthened bonds between all atoms, with 

notable 0.7-1.8% extension (0.009-0.025 Å) of the substituted pyrrole rings.  This does not 

appear to be the result of electronic effects but merely an expansion of the porphyrin core to 

better accommodate the steric constraints of the thio ether functionalities.    A number of low 

energy (<150 cm-1) torsional modes are calculated, with normal coordinates that lead to a 

flattened porphyrin structure, the appearance of these modes supports the idea of the compound 

being fluxional in solution.  There does not appear to be any additional geometric distortion on 

the porphyrin core with the inclusion of the conjugated β substituent with CuP-SMe-CO2H. 
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Figure 4.2.1: Calculated geometric minima (B3LYP/6-31G(d)) for CuP-CN (left) and CuP-

SMe (right), note that meso phenyl groups have been removed for clarity. 

 

Table 4.2.1:  Calculated frontier molecular orbitals (B3LYP/6-31G(d))  

 CuP CuP-CN CuP-CN-CO2H CuP-SMe CuP-SMe-CO2H 

e3 

     
e2 

    
e1 

    
a2u 

    
a1u 
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In a similar fashion to previously published work2 the β substitution results in a splitting of the 

frontier molecular orbitals (calculated energies are depicted in Figure 4.2.2).  The four-orbital 

model must be extended to include the five FMOs (calculated FMOs shown in Table 4.2.1) 

which are accessed during visible light excitation.  The FMOs of CuP-SMe are all rather 

distorted from D4h character due to the saddling of the ring, but still retain parent symmetry.  

Both species display relatively similar orbital splitting of the eg orbital set (the splitting is quite 

pronounced), this is somewhat surprising considering their differences in geometric structure 

and electronic character.  CuP-CN has its MOs shifted to lower energy compared to CuP, while 

there is only a slight reduction in energy of the UMOs of CuP-SMe.  The FMOs of CuP-CN 

have formal D2h symmetry (since the ring is planar) but the same orbital notation is retained.  

Substitution at the porphyrin core typically lowers the a1u and a2u energy1,2,31. However, saddling 

results in a destabilisation of the a1u MO26,28, thus these effects may counteract each other. With 

regard to these systems, there is an increased splitting of the a1u/a2u orbitals.  The cyano species 

is shown to stabilise the occupied FMOs with a destabilisation of the unoccupied FMOs.  

Although the eg orbitals of CuP-SMe are somewhat destabilised, the energies of the a1u/a2u MOs 

remain unchanged relative to CuP.  It appears that the electronic donating property of the thio 

ether groups compensates for any effects the saddling of the core has on the energy of the 

FMOs.    In both cases the eg orbitals are split into 3 new MOs, e1 and e2 can be considered as 

the egy and egx orbitals respectively (the x and y orientation is just for convention to keep the 

conjugated β substituent in the x plane) while the  e3 is a mix of egx and egy components.        

 

 

Figure 4.2.2:  Calculated frontier molecular orbital, HOMO-1 through LUMO+2.  Symmetry 

labels are explained in the text.  Only orbitals attributing to visible electronic excitations are 

included. 
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The addition of a conjugated substituent at the adjacent β position leads to a reduction in the 

energy of the UMOs with a slight decrease in the energy splitting of the e1/e2 orbitals of CuP-

SMe-CO2H.  The nature of these FMOs also changes significantly, in both cases (cyano and 

thio ether) there is an extension of the a1u and e3 orbitals onto the conjugated substituent, with 

significant linker character involved in e3.  With CuP-SMe-CO2H the e1 and e2 MOs are spread 

over the conjugated substituent (more so for e2) while for CuP-CN-CO2H only e2 is delocalised 

in this way.  The latter case is due to the e1 MO being directed only in the y plane (due to the 

electron withdrawing cyano groups) and as such no mixing with the conjugated β substituent in 

the x plane occurs.  This is not the situation for CuP-SMe-CO2H, the thio ether substituent is 

only slightly electron donating and does not localise electron density in the e2 orbital.  This 

enables electronic mixing between the core and the conjugated substituent, as has been reported 

previously2. However, the energy of the e2 orbital appears to remain unchanged with substituent 

and this is at odds with the proposed hypothesis (Figure 4.1.1).  Here the e2 has only shifted 

~0.1 eV in energy with the additional β functionalities compared to Zn(II) examples with only a 

single, conjugated β substituent. The overall electronic picture is thus relatively simple to 

understand.  The cyano group lowers the energy of the FMOs while the thio ether has the 

opposite effect (though the effect from the thio ethers is relatively minor).  When the conjugated 

β substituent is appended the energies of all of the FMOs is lowered again by roughly equal 

amounts between CuP-CN-CO2H and CuP-SMe-CO2H.    

 

4.2.2 Electronic Absorption Spectroscopy 

The observed electronic absorption spectra are displayed in Figure 4.2.3 and the absorption data 

is tabulated in Table 4.2.2.  The substituted porphyrins display absorption bands that are 

broadened and red-shifted from the bands of CuP.  The Soret bands of CuP-CN and CuP-SMe 

are not too dissimilar in absolute energy (440 nm vs. 445 nm) but the thio ether band is ~50% 

broader to the red.  This may reflect a greater perturbation of the eg orbital set due to the large 

geometric distortion experienced by this species.  A likely conclusion is that the red-shift from 

the CuP-CN arises from electronic withdrawing effects while for CuP-SMe it is the result of 

structural deformation26,28.  Although the B bands may be of similar energy, the Q bands most 

certainly are not.  CuP-SMe has its Q bands red-shifted  to 571 and 615 nm (with a large 

increase in intensity relative to the B band) from CuP.  While the Q(0,0) of CuP-CN is red-

shifted all the way out to 644 nm with an intensity ~20 % of that of its Soret.  The larger red-

shift  in the Q bands is likely due to greater decrease in the e1 energy level and a larger loss of 

degeneracy in the occupied FMOs.  Both of these factors are likely to arise from the electron 

withdrawing properties of the CN group, both of which are consistent with the calculated 

electronic structure. Previously reported Ni(II) porphyrins analogous to CuP-CN containing 
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only one or two (on the same pyrrole ring) β-CN functionalities showed that stepwise addition 

of cyano groups progressively red-shifts the absorption bands32.   

 

 

Figure 4.2.3: Electronic absorption spectra of the copper porphyrin species studied here.  

Concentrations are approximately 10-6-10-5 mol L-1 in CH2Cl2.  The spectrum of CuP has been 

scaled by 0.5. 

 

All substituted species show a calculated decrease in the values of the A˝1g and A΄1g parameters.  

The observed decrease in the A˝1g and A΄1g parameters are consistent with our DFT calculations 

in which the a1u/a2u orbital set shows a prominent splitting in the substituted species (i.e. CuP-

CN and CuP-SMe) over CuP.  For CuP-SMe to CuP-SMe-CO2H, there is a similar decrease 

in these parameters with a calculated increase in the splitting of the a1u/a2u MOs.  The higher ν΄ 

value of CuP-CN over CuP species reflects vibronic coupling of the excited state with mode of 

higher energy.  This is consistent with a general shift of all vibrational modes to higher 

wavenumbers (vide infra) as a result of the electron withdrawing effect of the cyano groups.  

CuP-SMe-CO2H also shows a larger ν΄ value, however in this case the vibronic coupling is not 

with porphyrin modes of high energy, but with the C=C stretching mode of the conjugated β 

substituent (also discussed below). 
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Table 4.2.2:  Electronic absorption data for the spectra depicted in Figure 4.2.3. 

Compound B(0,0) 
 / nm 

Q(1,0)  
/ nm 

Q(0,0) 
/ nm 

A˝1g 
a) 

/ cm-1 
A΄1g

 a) 

/ cm-1 
ν΄ b) 

/ cm-1 

CuP 418 575 618 3871 20052 1127/1210 
CuP-CN 440 590 639 3539 19188 1300 
ΔCN / cm-1

 -1196 -1569 -532    
CuP-SMe 445 571 615 3106 19366 1253 
ΔSMe / cm-1 -1452 -1005 79    
CuP-SMe-CO2H 465 593 644 2989 18517 1335 
ΔSMe-CO2H / cm-1 -2418 -1655 -653    

a) See section 1.3, error in these parameters is estimated at ~50 cm-1,  b) ν  ́= Q(1,0) – Q(0,0) 

 

The calculated a1u/a2u orbitals of CuP are almost degenerate in energy and consequently q(Q)  is 

essentially zero (i.e. q(Q) = q(Q0)).  Intensity in the Q band is only possible if the Q state is 

coupled to other allowed transitions. Raman excitation profile studies have shown that the 

strong Q(1,0) band of CuP arises from strong coupling of high energy (900–1600 cm-1) 

completely symmetric porphyrin vibrations, and not from intensity borrowing from the allowed 

B state33.   CuP-CN displays the opposite trend to its parent species, the Q(0,0) band is ~x10 

more intense than the vibronic overtone and such an observation is inconsistent with intensity 

borrowing from vibronic coupling.  Only two other mechanisms will lead to an allowed Q band: 

if the FOM is significantly perturbed such that d1 and d2 (see (1.3.3) and (1.3.4)) are 

significantly different in magnitude such that q(Q) becomes non-vanishing.  The calculated 

orbital energies show that this is not the case as the FMOs are not perturbed any more than the 

CuP-SMe species which displays Q band intensity similar to CuP.  Likewise the calculated 

A˝1g and A΄1g values of CuP-CN are not orders of magnitude different to the other substituted 

species (and CuP) which reflects a similar ordering of the FMOs.  The only other possible 

enhancement phenomenon would be via Jahn-Teller mixing of degenerate electronic states.  As 

will be shown in section 4.2.3 this is the origin of the anomalously intense Q(0,0) band.   

The addition of a conjugated β substituent to CuP-SMe results in a significant red-shift in the B 

(465 nm) and Q bands (593/644 nm), with a substantial broadening of the B band.  Comparison 

to analogous species can explain this broadening as the appearance of additional transitions to 

the red.   Interestingly these absorption peaks are red-shifted approximately 20 nm compared to 

the analogous Zn(II) acrylic acid porphyrin34.  It can be inferred that the additional substitution 

of the thio ether induces this red-shift (and hence a lowering in energy of the excited states).   
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4.2.3 Raman Spectroscopy 

The FT-Raman and calculated (B3LYP/6-31G(d)) spectra of CuP, CuP-CN and CuP-SMe are 

shown below in Figure 4.2.4 with the vibrational features tabulated in Table 4.2.3.  The 

calculated MADs of the calculated spectra are 5, 9 and 6 cm-1 for CuP, CuP-CN and CuP-SMe 

respectively and the intensity of the prominent bands is well modelled. The Raman spectra of 

these species display some significant band shifts depending on the nature of the substitution.   

In general, the vibrational bands of CuP-CN are shifted to higher energy and those of CuP-

SMe are shifted to lower energy relative to CuP (see Table 4.2.3).  This can be attributed to 

either the removal or donation of electron density from the porphyrin core (since 휈~ 푘 휇⁄ ).  

The ν2 mode, ν(Cβ-Cβ) shows a particularly prominent shift of +10 cm-1 and  -15 cm-1 relative to 

CuP for CuP-CN and CuP-SMe respectively.  The saddling of the core (vide supra) is not 

strongly associated with the Cβ-Cβ bonds so it may be inferred that their shift in energy is due 

entirely to electronic effects.  More so, there are no vibrations >1000 cm-1 observed for CuP-

SMe which cannot be explained in terms of electron donating functionalities and a saddling of 

the core.  This is in line with a previous investigation on highly saddled free-base species35. 

 

 

Figure 4.2.4  FT-Raman (solid traces) and DFT calculated (dashed traces) spectra of CuP, 

CuP-CN and CuP-SMe.  FT-Raman spectra were obtained from solid samples and the 

calculated spectra were determined with the B3LYP/6-31G(d) DFT method. 

 

Some of the non-totally symmetric modes display the same sign of energy shifts for both 

derivatives, but to different degrees.  An example of this is the ν12 mode (ν(Pyr. half-ring)sym 

which is shifted to lower energies in both of the substituted species.  This mode is spread over 
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the entire porphyrin ring and as such is dependent on structural, as well as electronic effects.  

The shortening of the unsubstituted pyrrole bonds in CuP-CN explains the energy shift for this 

species, but for CuP-SMe the saddling induces an additional reduction in the force constants of 

this vibration and an additional reduction in energy are observed.  This same reasoning, but the 

opposite trend is observed for the ν22 band (ν(Pyr. half-ring)asym which displays a +6 cm-1 and 

+28 shift cm-1 for CuP-CN and CuP-SMe respectively.  Interestingly the ν6 band ν(Pyr. 

breathing) displays a positive shift in both substitution cases, slightly more prominent for CuP-

CN.  This is consistent with the calculated reduction in pyrrole bond lengths of CuP-CN and 

the saddling of the porphyrin core.  

 

Table 4.2.3 Observed vibrational bond energies (in cm-1) for CuP-CN, CuP-SMe and CuP-

SMe-CO2H. 

Mode Sym. Normal Coordinate CuP CuP-CN ΔCN 
CuP-
SMe 

ΔSMe 
CuP-SMe 

-CO2H 
         
φ4 A1g  1597 1609 +12 1610 +13 1609 
νC=C        1589 
ν10 B1g ν(Cα-Cm)asym  1581     
ν2 A1g ν(Cβ-Cβ) 1563 1553 +10 1548 -15 1540 
ν11 B1g ν(Cβ-Cβ) 1506 1514 +8 1509 +3  
ν28 B2g ν(Cα-Cm)sym  1497  1481  1473 
ν3 A1g ν(Cα-Cm)sym 1470 1476 +6 1462 -8  
ν29 B2g ν(Pyr. quarter-ring) 1425 1422 -3 1422 -3 1424 
ν4 A1g ν(Pyr. half-ring)sym 1368 1371 +3 1358 -10 1358 
ν17 B1g δ(Cβ-H)  1340     
ν12 B1g ν(Pyr. half-ring)sym 1308 1295 -13 1275 -33 1273 
ν1 A1g ν(Cm-Ph) 1223 1228 +5 1232 +9 1238 
ν34 B2g δ(Cβ-H)asym  1148/1155  1155  1157 
δ9 A1g δ(Cβ-H) 1084 1081 -3 1091 +7  
φ7 A1g  1039 1040 +1    
ν22 A2g ν(Pyr. half-ring)asym 1019 1025 +6 1047 +28 1058 
ν6 A1g ν(Pyr. breathing) 1003 1010 +7 1007 +4 1003 
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Figure 4.2.5:  Resonance Raman spectra of CuP, CuP-CN and CuP-SMe with 444 nm 

excitation.  Concentrations are approximately 10-3 mol L-1 in CH2Cl2.  

 

The resonance Raman spectra of CuP, CuP-CN and CuP-SMe are depicted in Figure 4.2.5. 

The excitation patterns are independent of the wavelength of excitation (i.e. excitation at either 

the red or blue edge of the Soret).  The enhancement patterns of CuP and CuP-SMe are rather 

similar and reflect excited states of similar characteristics.  Indeed our DFT calculations above 

showed the FMOs of CuP and CuP-SMe are of a similar nature, both are centred on the 

porphyrin core and are of D4h symmetry (the MOs of CuP-SMe can be considered as pseudo 

D4h).  However the spectral enhancement pattern of CuP shows some significant differences to 

these two examples.  Modes ν17, ν11 and ν10 are all strongly enhanced and are of B1g symmetry. 

Modes of this symmetry element are not usually strongly enhanced when in resonance with the 

B band but can be allowed due to B-term (vibronic mixing) scattering enhancement36 or via a 

Jahn-Teller mechanism37.  Modes of A2g symmetry can be enhanced with B-term scattering, 

while are insensitive to Jahn-Teller effects while B1g modes can be enhanced through both 

mechanisms.  Since no modes of A2g symmetry are observed and there is an intense 

enhancement of the B1g modes this suggests that there is a very strong Jahn-Teller effect on the 

excited state.  The resonance Raman spectra of CuP-CN and CuP-SMe when in resonance with 

the Q state (λex= 568 nm) also reflects the different intensity borrowing mechanisms between 

the species (see Figure 4.2.6).  When the Jahn-Teller effect is an active mechanism for intensity 

borrowing (as is the case for CuP-CN) the non-totally symmetric modes associated with this 

mechanism will be enhanced when the Raman scattering is in resonance with the B or Q 

transitions.  This occurs when in resonance with both of these transitions since the B and Q are 

comprised of the same degenerate electronic configurations.  When vibronic coupling gives 
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enhancement to the Q state (such a CuP-SMe) the resonance Raman spectrum when resonant 

with the B state will be dominated by A1g modes while the scattering that occurs from Q state 

resonance will display the non-totally symmetric modes which are coupled to the transition and 

contribute intensity to it.  

 

 

Figure 4.2.5:  Resonance Raman spectra of CuP-CN and CuP-SMe with 444 nm and 568 nm 

excitation.  Concentrations are approximately 10-3 mol L-1 in CH2Cl2.  

 

 

Figure 4.2.6 Resonance Raman spectra of CuP-SMe and CuP-SMe-CO2H taken with 444 

and 488 nm excitation.  Solutions were approximately 10-3 mol L-1 in CH2Cl2. 
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The double substituted species, CuP-SMe-CO2H shows some distinct spectral differences to 

the previous species (see Figure 4.2.6).  Most prominent of these is the appearance of a strong 

new band at 1589 cm-1, based on our DFT calculations and previous publications2 this is 

assigned as the stretch of the β substituted C=C bond.  The strong enhancement of this band on 

both the blue (444 nm excitation) and red edge (488 nm excitation) of the Soret implies a 

delocalization of the acceptor orbital of the FC state in all transitions under this band (in 

contrast to analogous, singularly substituted β species2,5).  The delocalization of this excited 

state at all transitions across the Soret is more prominent in this species compared to analogous 

compounds which only encompass a delocalised transition at the red edge of this band.  

Certainly such a situation is desirable within the context of DSSCs as electronic transitions with 

charge transfer characteristics now exist over the entire spectral window (in contrast to the 

singularly substituted species). 

 

4.3 Conclusion 

The calculated geometries show out-of-plane saddling of the porphyrin core for CuP, CuP-SMe 

and CuP-SMe-CO2H and a planar structure for CuP-CN.  The calculated MO energies show an 

extension of Gouterman’s four-orbital model to include five orbitals, with an additional MO 

generated from the splitting of the UMOs.  The singularly substituted species (CuP-CN and 

CuP-SMe) have red-shifted absorption spectra; while analogous β substituted porphyrins have 

broadened electronic transitions.  The combined, doubly β substituted species, CuP-SMe-CO2H 

is predicted to show both of these effects, with a prominent, broad, red-shifted absorption band 

observed.  Resonance Raman spectroscopy of CuP-CN showed a large Jahn-Teller effect on the 

excited state.  While the CuP-SMe-CO2H excited state is highly delocalised across the 

molecule, more so than the comparative mono substituted β linked porphyrin.  The shift in 

vibrational energies between species is well modelled by the DFT calculations and can be 

accounted for by the electronic properties of the substituents.  Although the desired degree of 

electronic tunability of the e2 MO was not achieved with these species the electronic properties 

that these compounds encompass give credence to their use as photoactive dyes in DSSCs.  
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Chapter 5 

 

Ground and excited state electronic structure of 

some ruthenium(II) porphyrins 

 

5.1 Introduction 

The photophysics of ruthenium (II) porphyrins has been the focus of a number of 

studies1-15.  Particular attention has focused on the electronic effects of axial ligation to 

the ruthenium centre.  Much of this work has come about due to the structural 

homology of carbonyl Ru(II) porphyrins to the CO bound heme unit found in carbon 

monoxide exposed red blood cells.  Within the globin protein, heme exists as decorated 

porphyrin (it contains alkyl and vinyl groups at its eight β positions) with a coordinated 

Fe(II) atom.  A histidine residue coordinates to one of the vacant axial sites and the 

remaining axial position is where chemistry involving O2 transport occurs.  This is also 

the site where CO and CN poisoning occurs as these species ligate strongly to this 

coordination position.  The axial coordination sites of Ru(II) can bind heterocyclic 

amines such as pyridine and imidazole (imidazole being the coordinating unit in 

histidine) and CO units.   

Ru(II) porphyrins have a more complex electronic structure than the “4-orbital model” 

of regular porphyrins.  The occupied d orbitals of the Ru(II) ion lie at approximately the 

same energy as the a1u/a2u orbitals of the porphyrin ring.  This results in a significant 

degree of mixing between the (a1u)1(eg)1 and (a2u)1(eg)1 porphyrin excited states and the 

dπ orbitals of the metal1.  The magnitude of this interaction is affected by the nature of 

the axial ligands.  The electronic effects of differing axial ligands have been 

experimentally investigated with a series of electrochemical2-4, electronic absorption, 

emission 1,5-7, resonance Raman8-11 and transient absorption13-16 spectroscopy studies.  

Results have shown that π backbonding axial ligands (such as CO) accept electron 

density from the metal dπ orbitals and lower their energy relative to the a1u/a2u orbital 
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set.  This model accounts for a significant amount of the observed spectroscopic 

features vide infra.   

Work has progressed over the last decade or so with the synthetic development of 

porphyrins with conjugated β substituents.  With regard to DSSCs this has been limited 

to the use of zinc (II) derivatives comprising various units on β position and has 

provided a number of successful dye motifs17-21.  Herein this work is extended to 

include triplet based sensitisers; to this end the species presented in Table 5.1.1 are 

investigated.  The octaethyl porphyrin (OEP) analogues of Ru(CO)P and Ru(Py)P 

have been extensively investigated but are included as they are the parent species and 

provide a comparative study to the new compounds; Ru(CO)P-CO2H and Ru(Py)P-

CO2H. 

 

Table 5.1.1: Series of Ru(II) porphyrins studied in this text, compound names are in 

bold 

Ru(CO)P Ru(Py)P 

 

N

N N

N
Ru PyOC

 
 

 

N

N N

N
Ru PyPy

 

Ru(CO)P-CO2H Ru(Py)P-CO2H 

 

N

N N

N
Ru PyOC

CN

CO2H  
 

 

N

N N

N
Ru PyPy

CN

CO2H  
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5.2 Results and Discussion 

5.2.1 Density Functional Theory Calculations  

Calculations of the porphyrin species were completed with the B3LYP DFT method (no 

symmetry constraints were imposed), a LANL2DZ pseudopotential was used to model 

the ruthenium atoms and a 6-31G(d) basis set described all of the other atoms.  The 

veracity of the DFT calculations have been confirmed with MAD calculations.  The 

calculated vibrational data of all species is within 6 to 7 cm-1 MAD of the experimental 

spectra. Detailed calculations of the MADs and the DFT calculated/FT-Raman spectra 

can be found in Appendix 2.3.  

The crystal structure of Ru(CO)P  has been previously reported by Little and Ibers22, 

the DFT calculated geometry of this species conforms to the structure derived 

experimentally.  The porphyrin macrocycle optimises to a generally planar structure, 

with only a minor deviation of the meso carbons out of the plane to give a slight, 

saddled geometry.  Salzmann et al23 have completed DFT studies on this structure using 

a constrained geometry optimisation approach with the BPW91 functional and 

remarked on a similar saddling of the core.  However, the observed out-of plane 

distortion is relatively minor and is certainly less than that observed for imidazole 

analogues (which is rather prominent)23.  Little and Ibers commented on a surprisingly 

short Cβ-Cβ bond length of 1.333(9) Å and suggested that it may be an artefact of the 

crystal structure refinement process.  The average calculated Cβ-Cβ bond length of 1.361 

Å suggests that this short bond length is indeed a structural feature and not an 

experimental artefact, crystal structures of analogous compounds with similar Cβ-Cβ 

bond lengths have also been reported24.  The coordination sphere of the central 

ruthenium atom can be considered as an axially distorted octahedron.  The Ru atom sits 

slightly out of the N4 plane of the macrocycle towards the carbonyl group, displaying a 

strong interaction between these two species (this deviation out of the core can vary 

depending on the nature of the adjacent axial ligand24). The calculated Ru-CO bond 

distance of 1.853 Å is also in close agreement to that observed experimentally.  The Ru-

N(Py) bond is quite long at 2.320 Å (exp. 2.193(4) Å) and has been inferred to 

contribute to a lack of π overlap between the ruthenium and pyridine components.  

Here, the DFT calculation overestimates this bond length by 0.13 Å, the B3LYP 

functional has been shown to adequately describe the back-bonding with the CO ligand 

but is notorious in underestimation of the σ competition with the trans axial ligand25.  
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The calculated geometry of Ru(Py)P displays a similar, short Cβ-Cβ bond length of 

1.360 Å and a planar structure of the porphyrin ring is observed.  The ruthenium atom 

lies within the plane of the macrocycle and the axial Ru-N(Py) bond lengths are shorter 

at 2.145 Å.  The pyridine ligands are also co-planar, suggesting π overlap between the 

two rings facilitated by the central ruthenium atom.  The central core is contracted 

slightly, the N-N (i.e. adjacent pyrrole nitrogens) distance for Ru(CO)P  is evaluated at 

4.163 Å while it is somewhat shorter in the bis-pyridine species at 4.148 Å.  This may 

reflect the placement of the Ru atom within the plane of the N4 core (i.e. when it resides 

squarely in the plane the Ru-N bonding is more favourable) or the fact that for 

Ru(CO)P a significant amount of electron density from the ruthenium is drawn into the 

CO π* orbitals resulting in a weaker Ru-N bond.  

Substitution of a conjugated substituent to the β position induces some minor structural 

deformations to the macrocyclic core of these porphyrins.  The Cβ-Cβ bond adjacent to 

the substitution is slightly elongated by approximately 0.2 Å in both cases.  The N4 core 

is also asymmetrically distorted, with a slight elongation of the N-N distance in the axis 

of the substitution and a contraction in the N-N distance in the perpendicular plane.  The 

conjugated substituent is canted from the porphyrin plane by approximately 28o in both 

structures but retains planarity along the length of this linker.            

The calculated MO diagrams for selected FMOs of all compounds can be found in 

Table 5.2.1 and the orbital energy levels are depicted in Figure 5.2.1.  The calculated 

frontier molecular orbitals consist of the typical porphyrin π MOs (consistent with 

Gouterman’s four-orbital model26) as well as occupied dπ orbitals from the ruthenium 

centre.  

Despite only differing in the nature one axial ligand, the Ru(CO)P and Ru(Py)P 

species vary significantly in the character and energy of the frontier molecular orbitals.  

The electronic structure of Ru(CO)P has the two lowest occupied MOs of porphyrin 

character.  While the metal dπ orbitals lie at lower energy and remain well separated 

from the a1u/a2u orbital set.  The dπ2 and dπ3 MOs can be considered as the analogues of 

the metal centred dyz and dxz orbitals (they are almost degenerate in energy), both of 

which display strong mixing with the π* orbitals of the CO and some porphyrin bonding 

orbitals.   The dπ1 MO is analogous to dxy and shows only a minor bonding character on 

the porphyrin ring.  Lack of mixing with the axial ligands means that this orbital lies at 

lower energy than the other d orbitals.  The a2u, e1 and e2 MOs of Ru(CO)P contain 
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some contribution from the ruthenium d-orbitals but they remain primarily based on the 

porphyrin ring.  The eg orbital set is almost degenerate in energy (0.02 eV energy 

difference) while the a1u/a2u MOs are split by 0.26 eV.   

The Ru(Py)P species contrasts to the carbonyl derivative in that the dπ orbitals transect 

the porphyrin a1u/a2u orbitals.  In general, all of the MOs (particularly the occupied 

MOs) are of higher energy compared to their Ru(CO)P analogues.  This reflects 

replacement of the electron π-withdrawing carbonyl ligand with the electron σ-donating 

pyridine ring.  This also destabilises the dπ2 and dπ3 MOs to the extent that they now 

reside above the level of the a2u orbital.   The dπ2 and dπ3 MOs are distorted from D4h 

symmetry and reflect characteristics of the D2h symmetry group (this is consistent with 

axial ligand substitution).  Only minor mixing with the pyridine orbitals is observed and 

the MO retains mixed dπ/porphyrin character.  The dπ1 MO is largely unaffected by the 

change in axial ligand and remains below the a1u orbital whilst still retaining some 

porphyrin character.  The calculated switching of HOMOs from ring based to metal 

based with the axial ligand change CO→Py is consistent with an extended 

electrochemical study which found the first oxidation wave of Ru(Py)P corresponds to 

metal oxidation while  that of Ru(CO)P is localised on the porphyrin ring3,27.  The 

remaining frontier molecular orbitals are of typical porphyrin character; the a1u/a2u 

orbitals are split by 0.24 eV, slightly less than Ru(CO)P but there is a greater loss in 

degeneracy of the eg orbital set, with a calculated separation of 0.05 eV.  The calculated 

eg orbitals lack x and y polarised character and again reflect symmetry of that expected 

by the D2h point group.       
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Table 5.2.1: Calculated frontier molecular orbitals (B3LYP//LAN2DZ/6-31G(d)) 

 Ru(CO)P Ru (CO)P-CO2H Ru(Py)P Ru(Py)P-CO2H 

e3  

 

 

 
e2 

    
e1 

    
a2u 

    
a1u 

    
dπ3 

    
dπ2 
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dπ1 

    
 

 

   

 

Figure 5.2.1: Calculated frontier molecular orbital energies, HOMO-4 through 

LUMO+2, orbital notation is explained in the text.   

 

The calculated electronic structures reflect the π-backbonding model, the CO ligand 

accepts electron density and lowers the energy of the dπ orbitals relative to the 

porphyrin centred MOs, consistent with the model established by Antipas et al1.  They 

utilised an iterative extended Hückel method on unsubstituted porphine and the 

ancillary components (Ru, CO etc.) to determine the interplay between the porphine and 

metal based MOs.  However, their method did not account for the differences in mixing 

(and hence the orbital energy) of the dxz, dyz and dxy orbitals with the porphyrin and the 
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axial ligand based MOs.  As such, the dπ orbital energies of Ru(CO)P were largely over 

predicted in energy and the Ru(Py)P somewhat under predicted compared to the results 

obtained here.  However, considering the minimalistic nature of their method a similar 

MO structure was achieved and was useful in their analysis of the structurally analogous 

octaethyl porphyrins (OEPs).       

Substitution of a conjugated linker to the β-position of the porphyrin core has a major 

effect on the nature and energies of the frontier molecular orbitals, as depicted in Figure 

5.2.1.  All of the occupied MOs experience a shift to lower energy but the relative 

energy differences between the orbitals remain largely unchanged, the dπ MOs retain 

the same character as the unsubstituted parent species.  The unoccupied MOs display a 

much more prominent perturbation upon substitution.   The porphyrin localised egx MO 

mixes with orbitals localised on the substituent and splits into two new MOs (e1 and e3) 

which are linear combinations of the porphyrin and substituent components.  This 

results in the e1 and e3 MOs encompassing porphyrin and substituent contributions, with 

the electron density spread right across the π-system. The egy (now e2) orbital is of 

incorrect symmetry to invoke such an interaction and as such remains relatively 

unperturbed.  This perturbation is analogous to that observed for Zn(II) porphyrins with 

conjugated  β substituents17.     

 

5.2.2 Electronic Absorption Spectroscopy and TD-DFT Calculations 

The electronic absorption spectra of all species are depicted in Figure 5.2.2 with the 

spectroscopic data tabulated in Table 5.2.2.  Ru(CO)P displays a typical hypso 

absorption spectrum, characteristic of porphyrins with coordinated d6 metals1,28: the Q 

bands are of relatively high energy (532 and 566 nm) and an intense, narrow B band 

(413 nm) is observed.  However, the Soret band shows an asymmetric tail with 

significant absorption to the red edge which implies additional transitions occurring at 

this energy.  The spectrum of Ru(CO)OEP has the same spectral profile except where 

the Soret and Q bands which are blue-shifted by ~1000 and ~400 cm-1 respectively1.  

Analysis of the excitation spectrum of Ru(CO)OEP has implied that the red edge of the 

Soret contains a series of weak dπ→eg excitations which contribute to absorption at that 

point1.  This is a likely interpretation of what is observed here also.  The Q(1,0)/Q(0,0) 

splitting of 1130 cm-1  is slightly higher than the 1090 cm-1 observed for the OEP 
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analogue but is much lower than the ~1250 cm-1 normally observed for d6 

metalloporphyrins.   

 

 

Figure 5.2.2: Electronic absorption spectra of all species studied.  Concentrations are 

approximately 10-5 mol L-1 in pyridine .  The spectrum of Ru(CO)P has been scaled by 

0.5.   

 

Table 5.2.2: Electronic absorption data for the spectra depicted in Figure 5.2.2. 

Species 
B(0,0) 
/ nm 

Q(1,0) 
/ nm 

Q(0,0) 
/ nm 

Ru(CO)P 413 532 566 
Ru(CO)P-CO2H 421,443  563 
Ru(Py)P 412,420 505 531 
Ru(Py)P-CO2H 396/445 545 594 

 

The spectrum of Ru(Py)P, in contrast, implies a significant contribution of additional 

electronic states to the observed visible electronic transitions.  The Q bands are more 

intense and red-shift ~1000/1160 cm-1
 relative to the carbonyl derivative.  The Soret 

band has lost significant intensity, and appears as two distinct bands.  Despite this, the 

spectrum is not as perturbed as the analogous, octaethyl porphyrin derivatives which 

display numerous additional absorption peaks between the B and the Q bands1,29.  These 

bands have been assigned as doubly excited states due to mixing between the 
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(dπ2,dπ3)3(a1u,a2u)3(eg)2 and (dπ2,dπ3)4(a1u,a2u)3(eg)1 electronic configurations following an 

extended circular box model30, similar to the free electron model as discussed in section 

1.3. 

The β-substituted species, Ru(CO)P-CO2H and Ru(Py)P-CO2H show significant 

spectral differences to their unsubstituted parent species.  In both cases the Soret band is 

significantly broadened and red-shift, such that two distinct peaks are noted.  The 

Q(0,0) band of Ru(CO)P-CO2H is ~200 cm-1 redshifted compared to Ru(CO)P but the 

bands are significantly broadened.  No distinct band for the Q(0,1) transition is 

observed, but a continuum of absorption exists between the Soret and Q(0,0) band.  The 

Ru(Py)P-CO2H Q bands are shifted ~1450/2000 cm-1  to the red but also display 

significant broadening. Also the Q(1,0)/Q(0,0) energy splitting has increased to 1513 

cm-1, implying a greater geometric distortion of higher energy modes (~1500 cm-1) 

along the FC surface.   

Due to the complex nature of the electronic transitions, time-dependent DFT 

calculations were carried out on each species to ascertain the nature of the observed 

bands, the results of which can be found below in Table 5.2.3.  The calculated 

transitions for Ru(CO)P and Ru(Py)P display distinct excitations which can be 

separated into porphyrin π-π* (B and Q transitions) and MLCT type (dπ→π*) 

excitations.  Ru(CO)P shows a calculated Q band at 514 and 516 nm which is made up 

of excitations between the a1u/a2u and eg orbital sets.  The B band is a similar case, a pair 

of transitions are calculated at 392/394 nm.  The energies of these transitions are in 

reasonable agreement with the experimentally determined spectra, vide supra.  There 

are also a series of weak dπ→π* (MLCT like) transitions are calculated to appear 

slightly to the red of the Soret.  Although no distinct peaks are observed it is possible 

that these transitions contribute to the tail which appears at the red edge of the B band.  

Again this result is consistent with the interpretation by Antipas et al1. 
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Table 5.2.3: Calculated TD-DFT data for all species. 

 Calculated Transitions 

Species Assign. 
λ 
/ nm 

f Orbital Configuration Contributions (Coefficients) 

Ru(CO)P Q(0,0) 
516 0.0093 a1u→e1 (-0.42), a2u → e2 (0.60) 

 514 0.0119 a1u → e2 (0.41, a2u → e1 (0.60) 
 

dπ→π* 
438 0.0006 dπ1→ e1 (0.98) 

 436 0.0008 dπ1→ e2 (0.96) 
 412 0.0002 dπ2→ e2 (0.52), dπ3→ e1 (0.34) 
 

B(0,0) 
394 1.0984 a1u → e1 (0.43), a2u → e2 (0.23) 

 392 1.1367 a1u → e2 (0.43) a2u → e1 (-0.22) 
  373 0.0531 a2u → π*(Py) (0.96) 
     
Ru(Py)P Q(0,0) 

515 0.0294 a1u → e2 (0.32), a2u → e1 (0.67) 
 510 0.0124 a1u → e1 (-0.38), a2u → e2 (0.61) 
 

dπ→π* 
440 0.1718 dπ3→ e2 (0.99) 

 411 0.0044 dπ1→ e2 (0.99) 
 

B(0,0) 
396 0.5486 a1u → e1 (0.47), a2u → e2 (0.27) 

 394 0.6299 a1u → e2 (0.60), a2u → e1 (-0.27) 
     
Ru(CO)P
-CO2H 

Q(0,0) 584 0.0707 a1u → e2 (0.13), a2u → e1 (0.85) 
Q΄(0,0) 547 0.0146 a1u → e1 (0.54), a2u → e2 (-0.44) 

 

dπ→π* 

511 0.0197 dπ2→ e1 (0.90) 
 498 0.0098 dπ2→ e2 (0.11), dπ3→ e1 (0.84) 
 482 0.0019 dπ3→ e1 (0.96) 
 469 0.0019 dπ3→ e2 (0.87) 
 

B(0,0) 
444 0.2429 dπ3→ e2 (0.51), a1u → e1 (-0.11), a1u → e2 (-0.13),  

 442 0.2603 a1u → e1 (-0.13), a1u → e2 (0.28), a2u → e3 (0.30) 
     
Ru(Py)P 
-CO2H 

Q(0,0) 573 0.063 a1u → e2 (0.11), a2u → e1 (0.83) 
Q΄(0,0) 534 0.0205 a1u → e1 (0.50), a2u → e2 (-0.35) 

 
dπ→π* 

520 0.0023 dπ1→ e2 (-0.26), dπ2→ e2 (0.47), dπ3→ e1 (-0.11) 
 451 0.0023 dπ2→π*(Py) (0.84), dπ3→ π*(Py) (-0.14) 

 
B(0,0) 

427 0.2665 
dπ2→ e3 (0.11), dπ3→ e3 (0.10), dπ3→ π*(Py) 
(0.67) 

 427 0.4943 
a1u → e1 (0.10), a2u → e2 (0.14), dπ3→ e3 (0.42), 
dπ3→ π*(Py) (-0.17) 

 B΄ (0,0) 379 0.2256 
a1u → e2 (0.13), a2u → e3 (-0.23), a2u → π*(Py) 
(0.47) 
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The calculated transitions of Ru(Py)P display greater interaction between the 

porphyrin-based and dπ→π*excitations.  A pair of excitations which can be assigned as 

the Q bands are calculated at 510/515 nm, which is slightly red-shifted from Ru(CO)P 

and consistent with the experimental spectra.  These calculated excitations are between 

the a1u/a2u and the e1/e2 orbital sets and are entirely porphyrin based.  Likewise, a pair of 

excitations are calculated at 394/396 nm which are also porphyrin based (excitations 

occur between the same set of orbitals) and are assigned as the B band.  At slightly 

lower energy (440 nm), an excitation with appreciable intensity is calculated between 

the dπ3 and e2 MOs.  It is quite likely that this excitation contributes to the broadened 

Soret band; the inclusion of an MLCT type transition in this energy range is indeed 

consistent with the observed spectroscopic evidence1,8.  Comparing the two species, 

substitution from CO→Py results in an increase in oscillator strength of the Q band and 

a decrease in strength of the Soret, again consistent with what is observed 

experimentally and arises due to increased loss of degeneracy between the excited state 

electronic configurations.     

The calculated β substituted derivatives display transitions which are red-shifted from 

their parent species and excitations which show increased mixing amongst the frontier 

MOs.  In both cases the Q bands retain porphyrin centred excitations and have the e1 

and e2 MOs as the acceptor orbitals.   Ru(CO)P-CO2H shows a series of calculated 

dπ→π*excitations of low intensity from the dπ2/dπ3 MOs to the e1/e2 orbital set.  A pair 

of transitions at 442/444 nm, red-shifted from the parent species, are also calculated and 

contain an excitation, dπ3→e2 (contributing to 51% of the band).   

A similar case is observed with Ru(Py)P-CO2H except there is a greater dπ→π* 

contribution to the calculated B band.  Excitations involving the metal centre and the 

porphyrin based MOs are also calculated, as well as transitions between the dπ MOs and 

pyridine orbitals (π*(Py)).  A number of extremely weak transitions (f=0.0023) of 

dπ→π* nature are also calculated to the red of the Q band for Ru(Py)P-CO2H (not 

shown in Table 5.2.3).  No evidence for these transitions are found in the experimental 

spectra, but considering their inherent weakness and energy in the visible spectrum they 

are likely to be swamped by the absorption from the Q bands. 
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5.2.3 Resonance Raman Spectroscopy  

The observed resonance Raman spectra of all species are displayed below in Figures 

5.2.3, 5.2.4 and 5.2.6 with the spectroscopic data tabulated in Table 5.2.4. The mode 

labelling convention from Li et al. has been used31 and assignment of vibrational peaks 

has been made based on previous publications8-11,29, depolarization ratios and our DFT 

frequency calculations.  Excitation of the Soret band (λex = 406 nm) of Ru(CO)P and 

Ru(Py)P reveals enhancement primarily of completely symmetric A1g modes, which is 

characteristic of D4h metalloporphyrins31.  However there is also a weak contribution of 

B1g and B2g modes to the spectrum, most noticeably ν11, ν16, ν12, ν27, and ν28.  These 

modes become allowed presumably due to Jahn-Teller effects from the degenerate 

(a1u)1(eg)1 and (a2u)1(eg)1 electronic configurations32.   A2g modes such as ν19 (seen as a 

weak shoulder to the low energy side of ν2), also make an appearance in these spectra.  

Modes of A2g symmetry are not Jahn-Teller active and their sole source for Raman 

intensity is through vibronic coupling between different excited states (B-term 

enhancement)33.  Enhancement of A2g modes with Soret excitation has been observed in 

ferrous-CO P450cam and a series of Fe(II) hemes with sulphide and imidazole axial 

ligands34.  Their conclusion (through a series of Raman excitation profiles) was that 

there is a transition slightly to the blue of the Soret which was contributing to the 

intensity of the ν19 mode.  Considering the structural analogy of Ru(CO)P to these 

structures it would seem that the dπ→π* transitions alone are insufficient to explain the 

enhancement of the A2g modes.  Our TD-DFT calculations have also determined 

transitions of a2u→π*(Py) character at slightly higher energy (and the same symmetry) 

to the energy of the Soret band.  It seems plausible that intensity borrowing from these 

a2u→π*(Py) transitions provide enhancement of the A2g modes with B band excitation.    

Apart from a few special cases, the vibrational band wavenumbers do not differ a great 

deal between species of differing axial ligand, but all modes are observed at lower 

wavenumbers compared to their octaethyl porphyrin analogues9.  Of the bands shown to 

be sensitive to structural deformations of the porphyrin core35,36 ν22 and ν26 display 

shifts to lower energy as CO→Py. The energies of other structurally sensitive bands are 

comparatively low and consistent with what would be expected for a porphyrin of this 

core size35. 
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Figure 5.2.3: Resonance Raman spectra of Ru(CO)P taken with 406 (black trace) and 

532 nm (red trace) excitation.  Solutions are approximately 10-4 mol L-1 in CH2Cl2. 

 

 

Figure 5.2.4: Resonance Raman spectra of Ru(Py)P taken with 406 (black trace) and 

532 nm (red trace) excitation.  Solutions are approximately 10-4 mol L-1 in CH2Cl2. 

 

A completely symmetric pyridine mode observed at 1216 cm-1 appears in the 532 nm 

spectrum of both species but shows greater enhancement with Ru(Py)P.  It is possible 

that these bands are borrowing enhancement from the nearby dπ→π* transitions, as 

predicted from TD-DFT calculations.  Alternatively the enhancement may be due to the 
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eg orbitals containing metal and π(Py) character which is clearly displayed in our 

calculated MOs.   

The DFT frequency calculations not only aid in assignment of the vibrational bands but 

the calculated eigenvectors detail the nature of the vibrations in comparison to other 

metalloporphyrins.  The calculated φ4 vibration shows mixing with some ν(Py) 

character  which explains why it is observed at slightly higher energy, 1598/1601 cm-1 

compared to 1593 cm-1 for the analogous Zn(II) metalloporphyrin.  This mode also 

shows a slight energy shift between the Ru(II) species because both pyridine rings are 

coupled to the vibration Ru(Py)P and only the one in Ru(CO)P.  Mixing of ν(Py) 

vibrations into ν6 is also calculated and the observed ν(Py) band at 1216/1219 cm-1 also 

shows some ν(Cβ-H)sym contribution to this mode.  Perhaps more interesting is the 

calculated nature of the δ(Ru-C-O) vibration.  Early spectroscopic work on the related 

carbon-monoxy hemoglobin and myoglobin species used the band energies of ν(Fe-

CO), δ(Fe-C-O) and ν (C-O) and a calculated force field to determine the structural 

geometry of these compounds37.  Within their model they assumed that any porphyrin 

vibrations are uncoupled from the Fe-CO unit.  Later studies have shown this to be an 

incorrect assumption and a simultaneous ‘buckling’ of the porphyrin ring is required for 

any displacement of the oxygen from the Fe-C-O plane (i.e. δ(Fe-C-O))38.  The 

calculated δ(Ru-C-O) eigenvector is consistent with this latter model, with a significant 

out-of-plane porphyrin vibration contributing to the overall mode as well as a minor 

distortion of the coordinated pyridine (see Figure 5.2.5). 

 

 

Figure 5.2.5: Calculated eigenvector diagram for the δ(Ru-C-O) mode. 
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Vibronic coupling of electronic states is also nicely exemplified with analysis of the 

Raman spectrum with Q band excitation (λex = 532 nm).  Under B-term scattering it is 

predicted that the enhancements from the Q(0-0) and Q(0-1) transitions are of equal 

intensity33.  Deviations arise from Jahn-Teller distortions or from non-adiabatic 

coupling between the Q and the B states39.  As previously mentioned A2g modes are not 

J-T active and under this situation are good indicators for Q/B vibronic mixing34,40. The 

532 nm excitation line is in resonance with the Q(0,0) band of Ru(Py)P and the Q(0,1) 

band of Ru(CO)P.  A relative intensity measurement of the ν19 mode can be made by 

taking the ν19/φ8 ratio, under the assumption that the enhancement of the φ8 mode is 

similar between the Q(1,0) excitation of Ru(CO)P  and the Q(0,0) excitation of 

Ru(Py)P.  The calculated ν19/φ8 ratio for Ru(CO)P is 5 while for Ru(Py)P it is 

determined to be 3.  This indicates that the enhancement of the ν19 mode is greater with 

excitation of the Q(1,0) band and is consistent with the intensity of the Q bands for 

these species being induced through the vibronic coupling of non-totally symmetric 

modes.  Despite the simplicity of the methodology this result is consistent with the 

analysis of Raman excitation profiles of other metalloporphyrins32,34,41.      

 

 

Figure 5.2.6: Resonance Raman spectra of Ru(CO)P-CO2H taken with 406, 458 and 

532 nm excitation.  Solutions are approximately 10-4 mol L-1 in CH2Cl2. 

 

The Raman spectra of the β substituted derivatives display a vibrational enhancement 

pattern which differs somewhat from the parent species.  Most noticeable is the 
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appearance of a band at ~1570 cm-1, assigned as the C=C bond vibration on the 

conjugated β substituent. Additional substituent modes at 1150 and 1080 cm-1 also 

appear, assigned as the δ(C-O-H) and δ(C-H) vibrations respectively.  Similar to the 

data presented above there are only minor vibrational energy shifts of the core 

porphyrin modes between the CO and pyridine complexes.  However a large (12 cm-1) 

shift is observed for the ν26 mode, the energies of which are almost identical to the 

respective unsubstituted species.  

 

Table 5.2.4: Observed resonance Raman wavenumbers (cm-1) and assignments for all 

Ru(II) porphyrin species studied here. 

   Ru(L)P Ru(L)P-CO2H 
Mode Sym. Vibration CO Py CO Py 

φ4 A1g  1598 1601 1601 1599 
  ν(C=C)   1570 1571 

ν2 A1g ν(Cβ-Cβ) 1547 1547 1548 1549 
ν19 A2g ν(Cα-Cm)asym 1522 1524 1528 1526 

  ν(Cβ-Cβ)   1513 1514 
ν11 B1g ν(Cβ-Cβ) 1488 1489 1488  
ν28 B2g ν(Cα-Cm)sym 1468 1470 1471  
ν3 A1g ν(Cα-Cm)sym 1442 1441 1440 1442 
ν29 B2g ν(Pyr. quarter-ring) 1364  1362 1365 
ν4 A1g ν(Pyr. half-ring)sym 1359 1360 1361 1357 
ν20 A2g ν(Pyr. quarter-ring) 1329 1330   
ν27 B2g ν(Cm-Ph) 1311 1306 1310 1304 
ν12 B1g ν(Pyr. half-ring)sym 1302 1299 1300 1301 
ν26 A2g ν(Pyr. half-ring)asym 1246 1236 1244 1232 

  ν(Py) 1216 1216 1219 1216 
ν34 B2g δ(Cβ-H)asym 1209 1207 1210  
ν1 A1g ν(Cm-Ph) 1180 1179 1178 1180 
  δ(C-O-H)   1150 1151 

δ9 A1g δ(Cβ-H) 1080 1083 1080 1081 
φ7 A1g  1058 1054 1054  
ν6 A1g ν(Pyr. breathing) 1013 1012 1012 1013 
φ8 A1g  1000 998 999 999 
ν16 B2g ν(Pyr. Def.)sym 823 824 826 830 

  ν(Py)  643  643 
  δ(Ru-C-O) 582  583 - 
  ν(Ru-CO) 510  516  

ν8 A1g ν(M-N) 413 413   
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Figure 5.2.7: Resonance Raman spectra of Ru(Py)P-CO2H taken with 406, 458 and 

532 nm excitation.  Solutions are approximately 10-4 mol L-1 in CH2Cl2. 

 

As the electronic transitions are reasonably well separated in energy, it is possible to 

measure Raman spectra resonant with each of the excited states without interference 

from overlapping transitions17,42.  The e1 and e3 MOs of Ru(CO)P-CO2H and 

Ru(Py)P-CO2H contain significant electron density on the substituent.  As such, the 

νC=C mode can be considered as a marker band for population of these orbitals as this 

vibration mimics the structural distortion associated with occupancy of anti-bonding 

orbitals on the substituent.  Ru(CO)P-CO2H shows only modest enhancement of the 

νC=C mode when in resonance with the B state (λex = 406, 444 nm), but it is slightly 

more prominent at the blue edge of this transition.  It is completely absent in the 

spectrum obtained in resonance with the Q(1,0) band (532 nm).  This implies that the e1 

(or e3) MO is not a major acceptor MO in the B band transition.  This is in direct 

contrast with Ru(Py)P-CO2H which shows a strong enhancement of the νC=C mode 

with both 406 and 458 excitation of the Soret region.  This implies the e1 and e3 are 

acceptor MOs for transitions at these energies.  In both cases, excitation of the Q bands 

shows enhancement of bands only associated with the central macrocycle and not with 

the substituent implying a localised excited state associated with this transition.  This 

result is surprising and reveals that the orbital contributions to the B and Q bands are 

different and cannot to be accounted for by the Gouterman four-orbital model.  The fact 

that this occurs in both cases (where the nature of the B excited states are different) 

implies that this may be a general characteristic of porphyrins which have conjugated β 
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substituents.  Such a result has not been observed in the analogous Zn(II) derivatives 

due to emission in this excitation region.        

 

5.2.4 Excited State Characteristics  

The excited state behaviour of Ru(CO)P and Ru(Py)P has been the focus of numerous 

studies1,10,11,13,14,16 and can be explained with respect to the Jablonski diagram depicted 

in Figure 5.2.8.  As discussed above, the electronic transitions are all largely of π,π* 

character, while the lowest excited states of all porphyrins are of triplet character due to 

the heavy atom effect of the ruthenium centre.  There are two triplet states situated at an 

energy lower than the S1 state and come about through the interactions between the 

metal dπ orbitals and the porphyrin π MOs.  One of the triplet states is of π,π* character, 

T(π,π*) and consists only of the porphyrin based MOs, while the other triplet involves 

mixing of the dπ orbitals of the ruthenium centre with the porphyrin π* to generate what 

has become known as the charge transfer state CT(dπ,π*)  of these compounds.   

In the case of Ru(Py)P the CT(dπ,π*) state is lowest in energy and well separated from 

other electronic configurations, ground state recovery occurs only from this state after 

crossing from higher states and has a lifetime of the order of tens of nanoseconds.  The 

corresponding T(π,π*)  state is of much higher energy and has not been 

spectroscopically observed.  The low energy (and separation from the porphyrin based 

MOs) of the metal dπ MOs relative to the a1u/a2u orbital set explains the ordering and the 

relative energy of these triplet states. This contrasts with Ru(CO)P, the CO ligand is 

strongly backbonding and destabilises (raises the energy of) the dπ orbitals leading to a 

rise in the relative energy of the CT(dπ,π*) state which now resides 113 cm-1 higher in 

energy than the T(π,π*) state (now the lowest energy configuration).  This state is also 

much longer lived (since it is ~2000 cm-1 higher in energy) relative to the Ru(Py)P 

species with ground state recovery occurring over several hundred µs.  Temperature 

dependent studies have also shown deactivation may also occur through thermal 

population of the CT(dπ,π*) state, whereupon the lifetime is much shorter12.  The 

CT(dπ,π*) and T(π,π*) electronic configurations are not widely separated in energy as 

the energy of the occupied dπ and a1u/a2u orbitals are similar (as described in section 

7.2.1).  In the case of the OEP derivatives the orbital energies are practically identical 

and the energy difference between the two states is reduced to ~75 cm-1. 
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Figure 5.2.8:  Simplified Jablonski diagram for Ru(Py)P (left) and Ru(CO)P (right), 

energy is on the vertical axis but is not to scale.  Adapted from Rodriguez et al16. 

   

We can go further and explore the nature of the long lived excited states from an ab 

initio approach through calculations of these structures.  The exact electronic structure 

of the lowest excited state can be obtained by determining the structurally optimised 

geometry of the relaxed triplet.  The geometry of the triplet electronic configurations 

differs somewhat to the singlet ground states.  In the case of Ru(CO)P, the structural 

distortion involves an S4-like saddling of the porphyrin core, while for Ru(Py) there is 

almost no perturbation to the macrocycle, but a larger distortion to the coordination 

sphere, (see Figure 5.2.9).  An S4-like, out-of-plane distortion on the triplet surface has 

also been identified for Zn(II) porphyrins through time-resolved Raman experiments by 

Bell et al43.   These geometric distortions are indicative of the nature of the electronic 

state, of which the calculated molecular orbitals are depicted in Table 5.2.4.  The 

displayed MO pictures are of the orbital which is singularly occupied by the triplet 

electron (α orbital) and of the ‘hole’ it has left behind (β orbital).  The calculated MOs 

show that the T1 state of Ru(CO)P is of porphyrin character, while Ru(Py)P contains 

dπ contributions, again in agreement with our ground state calculations and previous 

publications1,7,9-12,14,16,23.  As a consequence, there are also differences in the calculated 

reorganisation energies, λ, for structural relaxation from the singlet geometry to the 

triplet structure.  Ru(CO)P has a calculated λ of 824 cm-1 while for Ru(Py)P it is 

significantly larger at 1088 cm-1.   
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Figure 5.2.9: Calculated geometries of Ru(CO)P (left) and Ru(Py)P (right) at their 

singlet states (bold atoms) and lowest energy triplet state (shaded atoms),  calculated 

with the B3LYP//6-31G(d)/LANL2DZ DFT method.  Phenyl groups have been omitted 

for clarity. 

 

This energy difference is borne out by the very nature of the structural distortions and 

the character of the electronic state.  The structural distortion associated with Ru(Py)P 

is much larger compared to the carbonyl derivative since the geometry changes are 

associated with the coordination sphere (i.e. dπ character) and a gross movement of the 

pyridine rings.  Observed λ for Ru(Py)P would also likely show a significant solvent 

dependence (with regards to both solvent viscosity and dielectric) since the T1 state is of 

charge transfer in nature and the structural reorganisation is associated with a gross 

movement of the coordination sphere.  This contrasts with the relatively minor out-of-

plane distortion (driven by the π* localised state) exhibited by Ru(CO)P.  The energy 

gap of the relaxed triplet state to the ground state of Ru(CO)P is calculated to be 14708 

cm-1 (680 nm), which is in excellent agreement with the 0-0 phosphorescence peak 

observed by Anitpas et al. at 653 nm for Ru(CO)OEP1.  Although emission is not 

observed for the pyridine derivative the 0-0 gap for this species is calculated at a lower 

energy of 12854 cm-1 (778 nm).   
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Table 5.2.4: Calculated SOMO α and β electron densities for the lowest triplet state of 

all species. 

 Ru(CO)P Ru (CO)P-CO2H Ru(Py)P Ru(Py)P-CO2H 

α (occ) 

    

β 

(unocc) 

    

α + β 

    
 

 

The substituted species display similar triplet state character as their parent compounds 

but with some delocalisation across the β substituent, contributing mostly from the α 

spin-orbital.  Ru(Py)P-CO2H shows a small loss in dπ contribution to the β orbital, 

though the overall character of the triplet state remains CT(dπ,π*). Interestingly, the 

calculated 0-0 energies decrease to 13489 and 11784 cm-1 respectively for Ru(CO)P-

CO2H and Ru(Py)P-CO2H.  This is a reduction in energy of approximately 1000 cm-1 

over the parent species and is a result of decreases in energy of the α orbitals through 

the extended delocalization pathway.   

 

5.3 Conclusion 

DFT and TD-DFT calculations at the B3LYP//6-31G(d)/LAN2DZ level of theory have 

been shown to be a good predictor of geometry, electronic structure and electronic 

absorption characteristics of the Ru(II) porphyrins studied here.  It has been 
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conclusively shown from an ab initio basis that the π-withdrawing model can account 

for the variation in the energy of the dπ orbitals with axial ligation.  Attachment of a 

conjugated substituent at the β positions has almost no effect on the interaction of the dπ 

and a1u/a2u MOs but has a large influence on the behaviour of the eg orbital set.  

Characteristic of conjugated β derivatives, the previously degenerate eg orbitals mix 

with substituent based MOs and split into three components, two of which (e1 and e3) 

have mixed substituent/porphyrin character and one, (e2) which retains its egy parent 

symmetry.  Certain calculated vibrational modes of the porphyrin core were shown to 

mix with vibrations associated with the axial ligands and the overall spectral features 

were well reproduced by the calculation.  Resonance Raman spectra revealed that when 

substituted, the visible electronic transitions encompass different excited state 

characteristics.  The B band of Ru(Py)P-CO2H is delocalised across the entire 

conjugated pathway (the e1 MO dominates on the excited state) while the Q state is 

localised on the porphyrin core and does not spread onto the β linker (characteristic of 

the e2 MO).  The calculated excited T1 states of these species were also able to be 

evaluated.  Results were consistent with the π-withdrawing model and attachment of a β 

linker was shown to induce a delocalisation of the T1 along this substituent and a 

subsequent lowering the energy of the T1 states.   
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Chapter 6 

 

Electronic structure and vibrational spectra of 

some free-base and nickel(II) N-confused 

porphyrins 

 

6.1 Introduction 

Structural analogues of the porphyrin family have received considerable attention recently1-5.  

While the chemistry of symmetric porphyrins is largely understood, the features of related 

tetrapyrrole macrocycles are open to exploration (particularly with regard to their coordination 

chemistry and electronic structure).  These analogues can tell us much about the photophysics of 

natural porphyrinic chromophores6 and may also prove useful as photoactive materials in a 

number of applications, as well as catalysts for organic synthesis7.  Recent development in the 

organic field have presented synthesis and characterisation of many novel aromatic tetrapyrroles 

which has now been extended to single-step, high yield schemes for many of these 

compounds8,9. 

The porphyrin macrocycle can be expanded (e.g. homophyrins), contracted (e.g. corroles) or 

include heteroatom substituted rings (e.g. thiaporphyrins), while another modification is 

confusion of a pyrrole ring to form N-confused porphyrins (NCPs).  These differ to 

conventional porphyrins in the bonding arrangement of the pyrrole rings is of an α-β΄ linkage 

rather than the usual α- α΄ orientation (see Figure 1.3.1).  The pyrrole is ‘confused’ such that the 

pyrrollic nitrogen faces out of the macrocyclic ring and one of the C-H moieties is orientated 

inwards towards the core.  The confusion exposes the basic nitrogen of the pyrrole and allows 

for differing NCP tautomers depending on the site of protonation, two possible species have 

been indentified in solution10-12.  In non-polar solvents (such as CH2Cl2) the more basic, internal 

pyrrollic nitrogens remain protonated, where in polar media (e.g. DMF) the external nitrogen is 

protonated, likely stabilised through hydrogen-bonding or favourable dipole interactions with 

the solvent10.  This change in protonation site induces a perturbation in the electronic structure 

and has been the focus of study for a number of publications12-15.  It is also possible to methylate 

the free nitrogen, which locks the system in the external tautomer and also has notable effects 
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on the electronic structure (vide infra).   Although they differ from conventional porphyrins by 

way of confusion of only one of the pyrroles, NCP have significantly different chemistry and 

photophysics compared to the analogous tetraphenylporphyrin (H2TPP)15.  The external basic 

site allows for increased possibilities for coordination and the formation of supramolecular 

arrays, an aspect which has been researched for some time9,16,17.  Electronically, NCPs have a 

reduced aromaticity and symmetry compared to H2TPP, but still retains a molecular orbital 

structure similar to Gouterman’s four-orbital model18.  In terms of effects on symmetry, NCPs 

can be considered analogous to chlorins where one of the Cβ-Cβ positions has been 

hydrogenated. 

The spectral response of bulk heterojunction (BHJ) solar cells is limited by the electronic 

properties of the photoactive polymer.  Utilising polymers with reduced band gaps usually 

results in poorer performance due to increased charge trapping rates, even a small amount of 

traps can have a detrimental effect on performance19,20.  An alternative solution is to include 

additional light absorbing components into the polymer/PCBM blend to create a ternary device.  

With judicious selection of the ternary species, light absorbed by this component will generate 

free charges which are transferred to the polymer and PCBM phases.  Porphyrins have been 

successfully incorporated into a MEH-PPV/PCBM matrix and shown to effectively expand the 

light harvesting efficiency21.  Porphyrins have been shown to self aggregate in the polymer 

blend and in solution22-24.  While this is detrimental towards cell efficiency25 it has been proven 

that this can be in part overcome with bulkier meso groups23,24,26. Still the problem remains of 

successfully  utilising porphyrin components in the porphyrin blend to compliment the 

electronic structure of the polymer and PCBM phases27.  Due to their electronic tunability 

porphyrins offer a solution to the energy level mismatch experienced with other electronically 

active materials (the conducting polymer and PCBM) and as such, a knowledge of their 

electronic structure is crucial. However, it must be noted that having the energy levels orientated 

correctly is only one issue to be consider with ternary devices, the tertiary phase must also have 

the PCBM and polymer components as interfaces.  With regards to this system this requirement 

has been shown to be fulfilled28.  Here we investigate a series (Table 6.1.1) of free-base and 

Ni(II) N-confused porphyrin species in an effort to better understand the electronic effect of N-

confusion and determine whether their electronic properties can be related to their performance 

as ternary components in a BHJ solar cell. 
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Table 6.1.1:  Structure and labelling for compounds investigated in this study. 

(H2)1 (H2)2i (H2)2e (H2)3 

N

N
H

N
H
N

Ar

ArAr

Ar

 

NH

N

HN

N

Ar

ArAr

Ar

 

N

HN

N
H
N

Ar

ArAr

Ar

 

N

N

N
H
N

Ar

ArAr

Ar

Me

 
(Ni)1 (Ni)2 (Ni)3  

N

N

N

N

Ar

ArAr

Ar

Ni

 

N

HN

N

N

Ar

ArAr

Ar

Ni

 

N

N

N

N

Ar

ArAr

Ar

Me

Ni

 

Ar =

 

 

 

6.2 Results and Discussion 

6.2.1. Density Functional Theory Calculations 

The ground state structures of these porphyrins have been calculated along with their vibrational 

spectra to establish their electronic structure and to assign vibrational bands using the B3YLP/6-

31G(d) DFT method.  The veracity of these calculations has been determined via comparison of 

the experimental and calculated vibrational spectra, the resulting MADs are of the acceptable 

range (<10 cm-1) and vary depending on structure from 4 to 8 cm-1.  Detailed calculation of the 

MADs can be found in Appendix 2.4.   

The calculated geometries of the free-base species are identical to previously published work13-

15,18.  This work showed that the internally protonated tautomer is 17.1 kcal mol-1 more stable 

than the external counterpart13,14 and that the confusion of additional pyrrole rings increases this 

barrier by approximately +18 kcal mol-1 for each additional confused pyrrole ring10.  Likewise, 

the confused pyrrole has a lower energy of rotation about its α-β΄ linkage (18-25 kcal mol-1) 

compared to regular porphyrins (37-49 kcal mol-1)15.  A model encompassing decreased 

aromaticity and intramolecular hydrogen bonding in NCP derivatives has been proposed to 

explain the observed features which also suggests a possible reaction pathway for formation of 

the N-confused and N-fused porphyrins15.  The N-confusion induces a large distortion of the 

macrocyclic core;  the confused pyrrole is canted out of the porphyrin plane by 27.7o which is in 

excellent agreement with the 26.9o dihedral observed in the X-ray crystal structure11.  In the case 
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of (H2)2i all of the protonated pyrroles are also angled out of the plane.  This distortion results 

from the steric crowding the hydrogens infer on the central cavity, and is magnified in these 

species due to the extra proton residing within the core.  The calculated out of plane distortion is 

of a sad (see section 1.3) nature and differs to the S4-ruff  structure observed for the analogous 

chlorin species29.   

N-confusion does not result in a large perturbation in the nature of the FMOs, the calculated 

orbitals are unsymmetrical representations of their previous (D4h) selves.  The only noticeable 

change is the lack of a node on the CN-Cα bond of the confused pyrrole in the a2u and egx orbitals 

in all NCP species. 

 

 

Figure 6.2.1:  Calculated (B3LYP/6-31G(d))  frontier molecular orbital energies, HOMO-1 

through LUMO+2.  Orbital symmetry species labels are explained in section 1.3. 
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Table 6.2.1: Calculated frontier molecular orbitals for (H2)1-3 

 (H2)1 (H2)2i (H2)2e (H2)3 

egy 

    

egx 

    

a2u 

    

a1u 

    
 

 

Despite only minor variation in the nature of the frontier molecular orbitals, their calculated 

energies show significant deviations depending on the nature of the substitution pattern 

(internally/externally protonated or methylated).  Confusion of the core breaks the symmetry of 

the FMOs leading to a loss in degeneracy of the eg orbital set.  (H2)2e shows splitting of the eg 

orbitals (see Figure 6.2.1) and which is also observed for (H2)3; the splitting is not as large for 

(H2)2i.  The splitting of the eg set is caused by a slight lowering in the energy of egy and a 

significant destabilization of the egx orbital (Figure 6.2.1).  Likewise, the a2u MO is also 

perturbed as a result of the confusion and increases in energy following the trend: 

(H2)2i<(H2)2e<(H2)3.  The a1u MO also follows a similar behaviour but is destabilised relative 

to (H2)1 in all cases.  In general, the effect of methylation on the orbital energies is minor 

compared to (H2)2e (~0.03-6 eV) and reflects the fact that the methylation has no major effect 

on the electronics of the system (it is only mildly electron donating) but locks the porphyrin in 

that particular tautomer pattern (i.e. the internal nitrogen is not easily protonated).   
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Table 6.2.2: Calculated frontier molecular orbitals for (Ni)1-3. 

 (Ni)1 (Ni)2 (Ni)3 

egy 

   

egx 

   

a2u 

   

a1u 

   
 

 

The metallated species display a lot less geometric distortion compared to their free-base 

counterparts.  (Ni)2 and Ni(3) experience a slight asymmetric saddling of the porphyrin core, 

but not to the extent experienced with the free-base species.   There is a minor contraction of the 

Ni-N bond length upon N-confusion of ~0.01 Å, with a similar Ni-C bond length variation 

between (Ni)2 and (Ni)3.  The crystal structure of (Ni)2 has been reported30. 

A comparison between the crystallographic data and calculation reveals that the Ni-N bond 

lengths are well modelled, with an average calculated length of 1.956 Å corresponding to 

experimental values of 1.955 Å.  However the Ni-C bonds are underestimated with calculated 

values of 1.876 Å and experimentally observed values of 1.963 Å.  In both (Ni)2 and (Ni)3 

there is a minor, but distinct calculated ruffling of the porphyrin core (see Appendix 5 for 

perspective diagrams) which is in contrast to the planar geometry observed in the solid phase.  

There are a number of calculated low energy vibrations (< 200 cm-1 which lead to the inversion 

of this geometry with a planar structure as the midpoint of the vibrations. It is possible that the 
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porphyrin core is fluxional in solution but adopts the planar arrangement when subjected to 

packing forces in the crystalline phase.           

    

6.2.2 Electronic Absorption Spectroscopy 

The electronic absorption spectra of the free-base species have been previously published.  The 

assignment and analysis of the absorption bands are in agreement with those findings11,18,30-32.  

The spectra of (H2)2 are highly solvent dependent which relates to the site of protonation.  In 

non-polar solvents (i.e. CH2Cl2) the internal pyrrole nitrogens are protonated.  While in polar 

solvents (such as N,N-dimethylformamide, DMF) the externally protonated form dominates.  

All of the N-confused species display a Soret band of similar energy which is noticeably 

broadened and red-shifted (~1130-1590 cm-1 depending on the species) from the B band of 

(H2)1, this red-shift follows the trend (H2)2i<(H2)2e<(H2)3.  The Q bands display vibronic 

structure of both the x and y polarised excitations due to the lowering in symmetry and are of 

higher relative intensity compared to (H2)1.  All four (Qy(1,0), Qy(0,0), Qx(1,0), Qx(0,0)) Q band 

transitions for (H2)2e are clearly resolved at 542, 584, 674 and 728 nm respectfully.  The pure 

electronic transition of each polarised excitation displays the highest intensities in the set, with 

the Qx(0,0) band dominating and the vibronic overtones appearing as weak shoulders.  The 

Qy(1,0) band is absent  in the spectra of (H2)2i while bands of increasing intensity (compared to 

(H2)1 which shows the opposite trend) are observed at 586, 646 and 703 nm.  There is a weak 

band at 543 nm which may account for the Qy(1,0) band for this species.  The spectra of (H2)3 

are largely identical to those of (H2)2e and reflect the similarities in electronic structure, 

consistent with the calculated energies of the frontier molecular orbitals.  There is also the 

appearance of some transitions of reasonable intensity to the blue of the Soret, these are likely to 

be the porphyrin N bands33. 

TD-DFT calculations reveal (details can be found in Appendix 3.2) that the visible electronic 

transitions are largely restricted to excitations between the four frontier molecular orbitals.  

Some minor transitions from lower lying orbitals are calculated to contribute to the observed 

bands and this is consistent with previous publications34.  A TD-DFT study of these systems has 

been previously reported in which it was found that the observed spectra could be related to 

calculated transitions which involve the four FMOs and are similar in nature those observed for 

free base porphyrins (i.e. (H2)1)18. 
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Figure 6.2.2: Experimental electronic absorption spectra of (H2)1, (H2)2i, (H2)2e and (H2)3 in 

CH2Cl2 except for (H2)2e which is in N,N-dimethylformamide.  Solutions are approximately 10-

5 mol L-1.  The insert shows an expanded view of the Q-band region. 

 

Table 6.2.3:  Electronic absorption data for (H2)1-3 and (Ni)1-3. 

  Electronic transitions / nm : Band Shift / cm-1 

Species Solvent B(0,0) Q(1,0)y Q(0,0)y Q(1,0)x Q(0,0)x 
(H2)1 CH2Cl2 420 518 552 592 648 
(H2)2i CH2Cl2 441 542 584 674 728 
Δ2i

a)  -1134 -855 -993 -2055 -1696 
(H2)2e DMF 444 543 586 646 703 
Δ2e  -1287 -889 -1051 -1412 -1207 
(H2)3 CH2Cl2 448  610 662 718 
Δ3  -1488  -1722 -1786 -1505 
(Ni)1 CH2Cl2 417  528   
(Ni)2 CH2Cl2 427  654 720 790 
ΔNi2  -562  -3649   
(Ni)3 CH2Cl2 429   716 782 
ΔNi3  -671     

  a) Energy of band minus energy of parent band (i.e. (H2)1 or (Ni)1) in cm-1. 

 

The Soret band of the metallated species, (Ni)2 and (Ni)3 are blue-shifted from their free-base 

counterparts, consistent with similar nickel (II) porphyrins which display hypsochromic shifts.  

However the B band of both of the confused species display a slight red-shift from the 

symmetrical (Ni)1 parent and a shoulder to the blue edge of the peak is observed.  This band has 

not been previously discussed though it has been presented in the literature30.  A similar feature 
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has been observed in the reduced spectra of (H2)2e35 which was attributed to a loss of symmetry 

and assigned as an x polarised Soret band.   

The Q bands of (Ni)2 and (Ni)2 are red-shifted compared to (Ni)1 and the respective free-base 

derivatives.  They also display polarised transitions, unlike usual metalloporphyrin derivatives.  

The y polarised transitions are higher in energy to the x polarised bands but are not as well 

resolved, the Qy(0,0) can only just be made out as a discernible peak for (Ni)2 at 654 nm.  This 

contrasts to Qx(1,0)/Qx(0,0) which appear at 720/790 nm and 716/782 nm  for (Ni)2 and (Ni)3 

respectively.  The similarity in intensity and energies for these two bands between the species 

are in agreement with the calculated FMOs which are also of similar energy and nature.  Here 

also, higher energy N bands are observed to the blue of the Soret. 

 

 

Figure 6.2.3: Experimental electronic absorption spectra of (Ni)1, (Ni)2 and (Ni)3, solutions 

are approximately 10-5 mol L-1 in CH2Cl2.   The insert shows an expanded view of the Q-band 

region. 

 

6.2.3 Resonance Raman Spectroscopy 

Despite their recent attention in the literature, there has been no vibrational study of any of the 

N-confused derivatives.  This is surprising considering the use of resonance Raman 

spectroscopy in the structural assignment of porphyrin derivatives36-39, especially with regard to 

in vitro biological studies of porphyrins37.  In light of this we have conducted a resonance 

Raman study of these compounds to better understand how the confusion of the pyrrole ring 

manifests itself in structural distortions and effects on symmetry as well as the electronic 
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structure.  However a number of excellent publications exist which contrast the resonance 

Raman spectra of NiTPP with the Ni(II) chlorin analogue and are useful within this study40,41.   

The resonance Raman spectra of species (H2)1-3 taken with excitation in resonance with the B 

band transition is shown in Figure 6.2.4, and notable vibrational features are listed in Table 

6.2.4.  The spectra of (H2)1 is characteristic of D2h freebase porphyrins and the vibrational 

assignments are based on our DFT calculations and previously published work42.  Most of the 

observed bands may be assigned as having A1 symmetry.  The Raman enhancement spectral 

pattern of these species is also invariant with excitation wavelength and the spectra which 

display the clearest features are presented below. 

 

 

Figure 6.2.4:  Resonance Raman spectra of a) (H2)1 in CH2Cl2 with 413 nm excitation, b) 

(H2)2i in CH2Cl2 with 444 nm excitation c) (H2)2e in N,N-dimethylformamide with 444 nm 

excitation and d) (H2)3 in CH2Cl2 with 444 nm excitation. 

 

The spectra of the free-base N-confused species display numerous additional bands over the 

symmetric counterpart which are also broadened significantly, this can be immediately 

attributed to the loss of D2h symmetry in these species.  The reduction in symmetry to 

effectively C2 results in the in-plane Eu and out-of-plane A2g modes being no longer formally 

forbidden.  This also transforms the porphyrin A1g and B1g vibrational modes into that of A 

symmetry, thus both are now Raman enhanced.  The A2g, A2u and B2g modes are transformed 

into B symmetry.  This has the general effect of increasing the number of observed modes (and 
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those of similar energy), while also increasing the number of polarised Raman bands.  There is a 

significant shift in energy of the assigned modes of (H2)2i and (H2)2e compared to the 

analogous bands in (H2)1.  The two high energy ν(Cβ-Cβ) bands, ν2 and ν11 are particularly 

sensitive to the site of protonation.  The ν2 band is shifted 9 cm-1 lower in energy for (H2)2i and 

3 cm-1 higher for (H2)2e relative to (H2)1. While the ν11 band displays a similar trend of -7 cm-1 

and +1cm-1 respectively.  Many of the vibrations involved with the outer section of the 

macrocycle (i.e. all except Cα-N) also display shifts depending on protonation.  ν29, ν12 and ν34 

are exemplars of this and have associated vibrational shifts of 12, 8 and 18 cm-1 respectively.  

This is contrasted with the central vibrations of the core, ν6, ν1 and ν15, which display only minor 

wavenumber shifts.  The normal modes that show noteworthy wavenumber shifts are associated 

with vibrations which significantly perturb the protonation sites, while those that that do not 

shift are associated with modes in which the nuclear motion has little or no association with 

these sites.  This implies that the protonation does not result in a structural distortion of the 

entire macrocycle but is localised to geometric changes associated with the confused pyrrole. 

This is also consistent with the calculated geometries of the tautomers 

Despite the calculated structural similarities with the other compounds the resonance Raman 

spectrum of (H2)3 displays a very different enhancement pattern.  The ν2 band and a new 

vibration at 1384 cm-1
 dominates the spectra over the minor features.  From DFT calculations 

this new band has mixed mode character with contributions from ν(half-ring)asym and vibrations 

strongly associated with the confused pyrrole ring (Figure 6.2.5). All of the other vibrational 

modes for (H2)3 have similar energies to the analogous vibrations in (H2)2e.  Most of the 

structurally sensitive modes (i.e. ν2, ν11, and ν12) have differences in energy within the resolution 

of the experiment which implies almost identical structural characteristics and in agreement 

with all of the aforementioned data.   

 

 

Figure 6.2.5:  Calculated eigenvector diagram of (H2)3 for vibrational band observed at 1384 

cm-1 and calculated at 1381 cm-1. 
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Table 6.2.4: Band positions and mode assignments of the free-base porphyrin species 

investigated in this study. 

      ν̃ / cm-1 

 H2TP (H2)1 (H2)2i (H2)2e (H2)3 
Mode
a

Normal Coordinatea Symb 
b 

Exptc.  Calcd Expt. Calcd Expt. Calcd Expt Calcd Expt

   
π3 B1  828 825* 829 824* 830 824  825 
ν16 ν(Pyr. Def.)sym B1    915 910 913 914  919 
ν32 ν(Pyr. Def.)asym B2    935 923     ν7 ν(Pyr. Def.)sym A1    946 933     ν6 ν(Pyr. breathing) A1 1003 987 1005 995 1011 996 101 984 100
ν15 ν(Pyr. breathing) B1 963   977 980 976 969   ν22 ν(Pyr. half-ring)asym A2  990 994* 991 993* 984 987 976 989 
φ7 A1  1017 1029 1018 1027 1017 102 1018 102

 φ & δ(N-H)        1040 104

 CH3 twist & δ(Cβ-        1052 107
δ9 δ(Cβ-H)sym A1  1069 1080 1065 1077 1074 107 1072 108
ν17 δ(Cβ-H)sym B1    1050 1054     ν34 δ(Cβ-H)asym B2.  1121 1146 1169 1155 1117 113 1136 115

 ν(Pyr. breathing)+δ(Cβ-H)sym     1194 1174 119 1181 119
ν1 ν(Cm-Ph) A1 1238 1209 1218 1204 1217 1216 121 1215 121

 ν(Cα-Cm)sym+δ(Cβ-    1234 1243   1240 123

 ν(Pyr. half-ring)sym    1263 1268 1268 126 1266 127

 δ(Cβ-H)asym    1294 1280 1295 129   ν12 ν(Pyr. half-ring)sym B1 1296 1300 1292 1312 1303 1304 131 1301 130
ν20 ν(Pyr. quarter-ring) A2  1339 1327       ν4 ν(Pyr. half-ring)sym A1 1362 1362 1359 1340 1345     
 ν(Pyr. quarter-ring)    1357 1361     ν29 ν(Pyr. quarter-ring) B2  1362 1384 1379 1374 1368 136 1359 135

 Mixed (ex. N        1381 138

 φ+Others     1406   1414 141

 ν(Cβ-Cβ)+ν(Cα-    1451 1453     
 ν(Cβ-Cβ)    1480 1462     ν3 ν(Cα-Cm)sym A1 1465       1472 145
ν11 ν(Cβ-Cβ) B1 1502 1494 1496 1492 1489 1495 149 1491 149
ν2 ν(Cβ-Cβ) A1 1555 1544 1549 1534 1538 1548 155 1549 155
φ4   A1 1600 1592 1592 1590 1592 1589 159 1589 159

a) Based on mode assignment from Li et al.43,44  b) Based on D2h symmetry for a free-base 

porphyrin.  c) From Bell et al.42 d) Calculated using the B3LYP/6-31G(d) DFT method.  * 

denotes a depolarised band, polarisation assignments are unable to be made for (H2)2e and 

(H2)3 due to poorly resolved data. 

 

The metallated derivatives (Ni)1-3 do not display as much variation in the spectral features 

compared to the free-base species.  The spectra are displayed in Figure 6.2.6 with important 

features tabulated in Table 6.2.5.  The Raman spectra of (Ni)1 (or at least the NiTPP derivative) 

have been extensively studied, indeed it was the study of this species which lead to the 

unambiguous assignment of all of the Raman active modes of porphyrins43,44.  The vibrational 

band assignment of (Ni)1 is based on this publication.  The prominent modes of (Ni)1 are all 

A1g, with some of the non-totally symmetric species also observed .  (Ni)2 and (Ni)3 display 

most of the same modes but a number of the non symmetric species are also strongly enhanced, 



143 
 

notably ν24, ν34 and ν19.  However, the changes between these compounds are less dramatic than 

those observed in the freebase and the enhancement pattern remains relatively similar to the 

(Ni)1 species.     

 

 

Figure 6.2.6:  Resonance Raman spectra of a) (Ni)1, b) (Ni)2 and c) (Ni)3 in CH2Cl2 with 444 

nm excitation.  S denotes a solvent band. 

 

The similarities in the Raman enhancement pattern between (Ni)2 and (Ni)3 suggests that there 

is very little distortion of the electronic state and infers that the metallation imparts a significant 

rigidity to the macrocycle.  Indeed the enhancement pattern of the completely symmetric modes 

are similar to (H2)1 and characteristic of a porphyrin with D2h symmetry, consistent with the 

electronic absorption spectra where x and y polarised electronic transitions are observed.  

Although the enhancement patterns are similar between (Ni)2 and (Ni)3 shifts in the 

wavenumber of some of the bands are observed.  The prominent A1g modes display shifts up to 

8 cm-1 upon N-confusion of the porphyrin.  Surprisingly the prominent band shifts are 

associated with vibrations with both the CaCm and CβCβ bonds, consistent with equal changes in 

aromaticity across the system.  This is in direct contrast to what is observed for chlorins in 

which significant band wavenumber shifts are observed40.  This difference occurs as the loss in 

symmetry in chlorins is coincidental with a change in the electronic state (reduction from 22 to 

20 π electrons)  which has a larger effect on the energy of the vibrations.   For the majority of 

cases the methylation of the exterior nitrogen imparts only small shifts in the band energies, 
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often only within the resolution of the spectrometer.  This indicates that the metallated 

porphyrins are relatively rigid, compared to the free-base species.  The central nickel ion acts as 

a scaffold to the rest of the macrocycle, any attempt to destabilise the porphyrin ring (through 

pyrrole confusion) is thwarted by the structural stability provided by coordination.    

 

Table 6.2.5: Band positions and mode assignments of Ni(II) metallated porphyrin species 

investigated in this study. 

      ν̃ / cm-1     

 NiTPP (Ni)1 (Ni)2 (Ni)3 
Modea Normal Coordinatea Symb Exptc. Calcd. Expt. Calcd. Expt. Calcd. Expt. Δν1

e Δν2
f 

 ν24 ν(Pyr. Def.)asym B2g 828 829 827* 817 830 830 829 3 -1 
ν7 ν(Pyr. Def.)sym A1g 889 885 890 887 886 886 884 -4 -2 
γ3 γ(Cβ-H)asym A1u 900 907 905* 900 910 900 914 5 4 
ν6 ν(Pyr. breathing) A1g 1004 977 1000 976 1000 976 1000 0 0 
ν22 ν(Pyr. half-ring)asym A2g 1016 1005 1016* 1020 1025 1004 1016 9 -9 
φ7 A1g 1034 1018 1039 1038 1043 1016 1034 4 -9 

 
Mix  

 
1056 1070 1058 1070 0 

δ9 δ(Cβ-H)sym A1g 1079 1076 1082 1073 1082 1072 1084 0 2 
ν34 δ(Cβ-H)asym B2g 1190 1176 1194* 1200 1192 1213 1191 -2 -1 
ν26 δ(Cβ-H)asym A2g 1230 1239 1229* 

  ν1 ν(Cm-Ph) A1g 1235 1212 1221 1219 1219 1216 1218 -2 -1 
ν27 ν(Cm-Ph) B2g 1269 1273 1270 

  ν12 ν(Pyr. half-ring)sym B1g 1302 1289 1303* 1307 1302 1294 1305 -1 3 
ν20 ν(Pyr. quarter-ring) A2g 1341 1357 1341* 1340 1345 1338 1347 4 2 

 ν(Pyr. quarter-ring) 
 

1380 1358 1341 1358 0 
ν4 ν(Pyr. half-ring)sym A1g 1374 1362 1374 

 
ν(C-N) 

 
1428 1400 1438 1425g 

ν3 ν(Cα-Cm)sym A1g 1480 1473 1478 1473 1470 1463 1467 -8 -3 
ν11 ν(Cβ-Cβ) B1g 1504 1495 1501* 1494 1504 1484 1484g 3 

 
Mix  

 
1523 1534 1507 1528 -6 

ν19 ν(Cα-Cm)asym A2g 1550 
 

1533 1548 1529 1549 1 
ν2 ν(Cβ-Cβ) A1g 1572 1570 1572 1568 1579 1566 1577 7 -2 
φ4   A1g 1599 1593 1593 1592 1594 1592 1594 -4 0 

a) Based on mode assignment from Li et al.43,44  b) Based on D4h symmetry for a metallated 

porphyrin.  c) From Li et al.43,44 d) Calculated using the B3LYP/6-31G(d) DFT method.  e) 

Subtraction of mode wavenumber of (Ni)1 from (Ni)2.  f) Subtraction of mode wavenumber of 

(Ni)2 from (Ni)3.  g) The assignment of this mode remains somewhat ambiguous.   * denotes a 

depolarised band. 

 

6.2.4 Bulk Heterojunction Solar Cell Performance 

These porphyrins have been successfully incorporated into the MEH-PPV/PCBM matrix, 

creating a ternary BHJSC and contribute to the overall photocurrent of the device.  The 

polymer-PCBM photophysical pathway works the same, but there is an additional light 
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absorption by the porphyrin.  Regular porphyrins have excited states which are higher in energy 

than the LUMO of the PCBM and as such an electron will be transferred to the fullerene.  The 

energy of the oxidised porphyrin based hole is of lower energy than the MEH-PPV HOMO and 

so it is passed to the polymer to diffuse through the matrix.  This device architecture allows for 

greater light harvesting of the solar spectrum since it is no longer limited to the electronic 

structure of the polymer.  However the increased number of electron transfer processes and 

electronic states within the device also facilitates multiple recombination pathways which may 

lower the overall efficiency of the device.   

Previously it has been shown that the incorporation of porphyrins into the blend has no major 

effect on the morphology of the device (at least down to 50 nm resolution of AFM) and there 

was no evidence of gross aggregation of materials27.  However, the observed red-shift of the 

porphyrin absorption bands when incorporated into the blend (indicative of J-type aggregation) 

implies some micro-aggregation of the porphyrin component45.  Aggregation is believed to 

enhance recombination of the excitons since the charged species are brought in close contact.  

The use of increasingly bulky meso aromatic groups have been incorporated to mitigate these 

interactions and it was shown that the porphyrin with the greatest steric bulk at the meso 

position displayed the best performance in the working device.  Here we aim to extend on this 

work by investigating how different electronic structures of the ternary components are 

expressed in the overall cell performance.    

Listed in Table 6.2.6 the selected performance parameters of the MEH-PPV/Porphyrin/PCBM 

solar cell devices using the porphyrin dye structures shown in Table 6.1.146.  It is apparent that 

the devices that incorporate a porphyrin as a ternary material have a lower operating efficiency 

compared to the pure MEH-PPV/PCBM system.  This loss is related to a concurrent reduction 

in the short circuit current, Isc and open cell voltage, Voc.  Whilst the ternary devices have lower 

power conversion efficiencies, PCE than the standard, binary mixture, and the measured cell 

efficiency cannot simply be attributed to a dilution of the MEH-PPV/PCBM mixture.  It was 

concluded that the inclusion of the porphyrin into the blend contributes to the overall charge 

generation process.  Indeed it has been shown that the EQE spectra of these devices display 

quantum efficiency peaks which can be attributed to the absorption bands of the porphyrin21.  

Previously it was shown that the reduction in Voc can be attributed to an improved charge 

recombination pathway facilitated via hole trapping on the porphyrin macrocycle (vide infra)27.   
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Table 6.2.6:  Measured solar cell performance (completed at the University of Newcastle) under 

AM1.5 conditions46, further details of device construction can be found in chapter 2.2. 

Blend 
MEH-PPV: 

Porphyrin:PCBM 
mg/mL 

Isc / 
mA cm-2 Voc / mV FF PCE / % 

- 2:0:8 5.065 735 0.347 0.983 
(Ni)1 1:1:8 3.947 689 0.310 0.892 
(Ni)2 1:1:8 1.229 633 0.275 0.214 
(Ni)3 1:1:8 2.200 681 0.298 0.448 

      
(H2)1 1:1:8 3.904 644 0.332 0.833 
(H2)2 1:1:8 0.546 243 0.282 0.038 
(H2)3 1:1:8 0.664 169 0.283 0.031 

      
 

 

Of all of the ternary devices measured here, the (Ni)1 and (H2)1 system displays the best 

performance, with only a small reduction in Voc compared to the binary device.  In both cases 

(free base and metallated) the N-confused species display poorer efficiency to their regular 

counterparts, though methylation of the external nitrogen goes some way to mitigate the 

performance losses.  Considering that all of these species have the same steric bulk (vide supra), 

and all display similar device morphology it may be concluded that the variations in charge 

generation must be a result of the differing electronic properties of the ternary porphyrin 

component. In an effort to understand how the electronic properties of the porphyrins are related 

to cell performance the electronic affinity, EA and ionization potential, IP (as well as the 

HOMO/LUMO levels) for each porphyrin was calculated.  The results of these calculations are 

listed in Table 6.2.7.  

 

It is possible to use the calculations to try and understand the cell performance.  Let us consider 

first the enthalpy of charge separation from a photoexcited porphyrin: 

 

∆E = (E + E ) − (E + E + hν )  

= EA + IP − hν         

 (6.2.1) 
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∆E = (E + E ) − (E + E )  

= IP − IP          

 (6.2.2) 

 

Summing energy over the two charge transfer reactions gives the energy difference for charge 

separation, analogous to the equation proposed by Durrant et al47. 

 

∆E = EA + IP − hν        (6.2.3) 

 

Table 6.2.7: Calculated electronic data (B3LYP/6-31G(d)) for (H2)1-3 and (Ni)1-3, 

calculated parameters are defined in equations 6.2.1-3. 

 HOMO / eV LUMO / eV IP / cm-1 EA / cm-1 

(Ni)1 -5.08 -2.03 50388 7061 
(Ni)2 -4.53 -2.29 45256 9364 
(Ni)3 -4.48 -2.23 44825 8902 
     
(H2)1 -4.91 -2.20 47991 8976 
(H2)2 -4.46 -2.37 44402 10550 
(H2)3 -4.42 -2.34 44442 10422 

 

If we believe our previous hypothesis27 that the porphyrins are holding onto the free positive 

charges and hence promoting recombination it should follow that Isc should be positively 

correlated to IPpor.  Since a more negative ΔEht should result in more effective hole transfer to 

the polymer and a greater quantum yield of free charge carriers.  Indeed this is the case, (see 

Figure 6.2.7), there is a positive correlation between IP and Isc, but the result is not linear across 

the series.  A separation between the regular porphyrin and NCP species is observed but the 

trend in the data is the same for each set.  This result is consistent with the aforementioned 

hypothesis and equation (6.2.1) in that a larger IP should promote a larger ΔE associated with 

exciton formation and increase the quantum yield of free charges. 
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Figure 6.2.7: Plot of Isc verses calculated IP for MEH-PPV/Por/PCBM ternary devices.  

 

Figure 6.2.7 depicts the energy level diagram of the various electroactive components which 

make up the BHJ device.  The LUMO of the porphyrin species is well matched to both the 

MEH-PPV and PCBM components for effective electron transfer but it the same cannot be said 

for the HOMO of these species.  The HOMO energy for all of the NCPs lies above the MEH-

PPV layer.  This suggests these species act as hole traps due to their likely nature of 

accumulating positive charges from the surrounding matrix.  How far above the MEH-PPV 

HOMO energy these orbitals reside determines the ‘depth’ of the trap and their tendency to 

promote recombination.  Figure 6.2.8 exemplifies this with a plot of Voc verses the HOMO  

energy levels of the porphyrins.  

 

Figure 6.2.7: Energy diagram for the MEH-PPV/Por/PCBM device.  The range of the 

porphyrin based orbitals is depicted by the yellow boxes, vertical axis is not to scale.  

(Ni)1 & (H2)1 

(Ni)2-3 & 
(H2)2-3 
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There is a distinct ‘threshold energy between -4.46 and -4.48 eV in Figure 6.2.8 where the Voc 

increases several fold in magnitude.  This threshold can be considered the energy at which the 

energy level mismatch between the porphyrin and MEH-PPV components become apparent and 

the porphyrin component switches from being predominant hole traps, HOMO<-4.47 eV, or 

contributing to the overall  photocurrent, HOMO>-4.47 eV.  The ‘threshold energy’ is still some 

way below the HOMO energy of MEH-PPV (-5.00 eV) and should illustrate that treating the 

(either calculated or experimentally determined) state energies of the device components (i.e. 

MEH-PPV, PCBM) in isolation is unrepresentative to the actual energetics of the system.  It 

must also be noted that the ‘threshold energy’ does not directly compare to the HOMO level of 

MEH-PPV as determined from a solid film. The author appreciated that the calculated data 

evaluated here encompasses a very limited data set, and as such general conclusions should be 

treated with caution.  Future work involves determining a larger set of data so such conclusions 

in terms of electronic structure can be drawn.  This data would also benefit from a significant 

spectroscopic investigation and would likely provide some clarity to our hypothesis; work in 

this field is ongoing.   

 

 

Figure 6.2.8: Plot of Voc verses porphyrin HOMO energy.  Dashed vertical line is the 

‘threshold energy’ explained in the text. 

 

6.3 Conclusion 

The electronic structure of a series of free-base and Ni(II) metallated N-confused porphyrins has 

been determined with the B3LYP/6-31G(d) DFT method.  The results of the free-base species 

show a significant perturbation to the energy of the FMOs depending on the site of protonation 
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and degree of methylation of pyrrollic nitrogen for the free-base species.  The electronic 

structure of the non-methylated and methylated Ni(II) derivatives are very similar and their 

calculated FMOs are consistent within the four-orbital model.  The electronic absorption spectra 

of the N-confused derivatives show a significant deviation from the parent, symmetric 

porphyrin.  Generally the bands are red-shifted, details of which can be explained with reference 

to the calculated electronic structure.  Resonance Raman spectroscopy of these materials reveals 

in detail the structural distortion associated with the ground and excited states.  Results show 

that metallation of the porphyrin macrocycle restricts distortion associated with chemistry of the 

exterior pyrrole and is in contrast to observed features of the free-base species.  Extending on 

the calculated data set it was shown that there was a positive correlation between the calculated 

IP and the measured Isc of the ternary MEH-PPV/Por/PCBM bulk heterojunction solar cells.  

Likewise a ‘threshold energy’ of the porphyrin HOMO was observed where this component acts 

as a ‘hole trap’ for the device Some physical interpretation of these trends is presented but an 

overall photophysical pathway dependence is unable to be established from this limited data set.     
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Chapter 7 

 

Theoretical treatment of the electron injection 

pathway in dye-sensitised solar cells: A simple 

approach to potential energy surfaces. 

 

7.1 Background 

The DSSC device is a complex system to study as there are multiple electron transfer 

reactions in a heterogeneous environment that occur across a range of time scales (from 

fs-ms).  A number of models have been developed in an attempt to understand all of the 

electron transfer processes1-7, however to do this using an ab initio approach is currently 

unfeasible.  From a spectroscopic standpoint, attempting to measure all of these 

processes is extremely difficult.  Much of the literature deals with determining the rate 

of electron injection from the excited state of the dye into the TiO2 conduction band 

(CB).  In this chapter a model is presented that attempts to address interactions of the 

TiO2 and dye electronic states and the electron injection process. 

 

7.2 Marcus theory treatment to DSSC injection rates 

Section 1.8 details the theoretical background of non-adiabatic electron transfer from an 

adsorbed dye to a semiconductor.  The summarised equation is as follows: 

푘 (푬) =
퐶
푟

|퐻 |
4휋
ℎ

1
4휋휆퐾 푇

퐼
푑 / (6휋) /

exp
−(푬 − 퐸 ∗ + 휆)

4휆퐾 푇
(1

∞

− 푓(푬,퐸 ))푔(푬,퐸 ,푁 ,훼)푑푬 

           

 (7.2.1) 
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where 

푓(푬,퐸 ) = exp
푬− 퐸
퐾 푇 + 1  

           

 (7.2.2) 

푔(푬,퐸 ,푁 ,훼) =  

훼푁
퐾 푇 +

(2푚) ⁄

2휋 ℏ 푬 − 퐸                                           ;푬 ≥ 퐸

훼푁
퐾 푇  exp

−훼(퐸 − 푬)
퐾 푇                                           ;푬 < 퐸

 

           

 (7.2.3) 

 

C is the electron donor dye coverage (molecules cm-2) at a distance, r, from a 

semiconductor surface.  Isc is the effective coupling length of the accepting electronic 

wavefunction (cm), dsc is the density of atoms in the lattice which contribute to the 

electronic band structure (atoms cm-3).  g(E) is a function to describe the semiconductor 

density of states (DOS)8 and f(E) describes the occupancy of these states, where EF is 

the energy of the semiconductor Fermi level ECB is the energy of the conduction band, α 

is the dispersion parameter (0 ≤ α ≤ 1), m is the electron mass and  Nt is the maximum 

number of accepting sites per unit volume of semiconductor.   

The electronic coupling term, 퐻 , is assumed to be independent of state energy and 

fixed as a specific distance of the dye from the TiO2 surface, while λ is the 

reorganisation energy of electron transfer.  ES* is the energy of the excited electronic 

(donor) state of the dye, and E is the electronic level within the TiO2 conduction band.  

Suitable values for all parameters other than 퐻 , λ and ES* (determined from 

modelling, Figure 7.2.8) were obtained from a number of sources9-12.   
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Nt 1.56 eV-1 

α 0.45 eV 

ECB -4.05 eV 

EF -4.20 eV 

m 9.11 x10-31 kg 

h 4.14 x10-15 eV s 

kBT 0.025664869 eV 

Isc 3.00 x10-8 cm 

dsc 2.93 x1022 atoms cm-3 

C 8.70 x1014 molecules cm-2 

r 7.00 x109 cm 

 

The DOS, 푔(푬,퐸 ,푁 ,훼) and occupancy of the TiO2 semiconductor, (1− 푓(푬,퐸 )) 

can be plotted as: 

 

 

Figure 7.2.1: Calculated DOS terms of (7.2.2) and (7.2.3) and their product.  The DOS 

is normalised such that = 1. 

Figure 7.2.1 displays the density of accepting sites (green trace) of the TiO2 

semiconductor, the trace illustrates a number of points.  The DOS is essentially 

negligible at energies close to, or less than the ECB (-4.05 eV).  Likewise the increase in 

the magnitude of DOS above the ECB is not especially large.  The occupancy of 
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electrons in the lower CB sites (red trace) is also calculated to be negligible under rest 

conditions but may not continue under high current density/short circuit conditions. 

Because the TiO2 accepting states exist over a range of energies the ‘overlap function’ 

(the product of all functions contained within the integral of (7.2.1)) must be integrated 

over the relevant energy space where the Frank-Condon term has suitable amplitude.  

With a set value of λ = 0.25 eV these overlap factors would have the form depicted in 

Figure 7.2.2. 

 

 

Figure 7.2.2: Calculated overlap functions2) of varying excited state energy, ES*, with 

defined values of reorganisation energy, λ, and conduction band energy, ECB, (0.25 eV 

and -4.05 eV respectively).  The vertical axis is based on the normalised DOS presented 

in Figure 7.2.1.   

 

As depicted in Figure 7.2.2 and 7.2.3, as ES* approaches the conduction band the 

overlap function decreases as a result of a decreasing population of acceptor states.  

More specifically, the overlap integral will decrease in magnitude as soon an 

ES*<ECB+2λ and increasingly continue to do so as ES* passes through the conduction 

band.  This implies that for effective coupling of the excited state to the conduction 

band (i.e. maximum overlap), ES* should reside at least 2λ above the ECB.  However, 

                                                             
2) FC = exp − 푬−퐸푆∗+휆 2

4휆퐾퐵푇
(1−푓(푬,퐸퐹))푔(푬,퐸퐶퐵,푁푡,훼) 
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increasing the energy of the excited state past this level results in diminishing gains in 

the overlap function.  As a tenet to ‘synthetic design’ of DSSC chromophores, the 

potential performance increases through raising the excited state energy are likely to be 

minor. 

 

 

Figure 7.2.3: Integrated overlap functions (∫FC  푑푬) of varying excited state energy, 

ES*, (see Figure 7.2.2), with defined values of reorganisation energy, λ, and conduction 

band energy, ECB (0.25 eV and -4.05 eV respectively).   

 

Modifying the reorganisation energy, λ, of the sensitiser also affects the magnitude of 

the overlap function, the graphical interpretation of which is depicted in Figure 7.2.4-6.  

Figure 7.2.4 shows how the overlap function varies as a response of reorganisation 

energy (when the excited state lies well above the conduction band).  It is apparent from 

this diagram that increasing λ widens the energy range of the overlap function, but also 

shifts the energy at which the overlap is at its maximum to a lower value (hence the 

requirement to keep ES* well above ECB).  The integrated values in Figure 7.2.5 show 

how increasing λ will increase the overall overlap, though continuing to increase λ 

results in diminishing returns in improved integrated overlap.  

A large reorganisation energy with an excited state energy level only slightly above the 

conduction band results in a considerable amount of the FC factor residing below the 

ECB and an overall reduction in the integrated overlap (see Figure 7.2.5 and 7.2.6).  
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This stresses the importance of ECB < ES* + 2λ to maintain significant overlap of density 

functions. 

 

 

Figure 7.2.4: Calculated overlap functions of varying reorganisation energy, λ, with 

defined values of excited state energy ES*, and conduction band energy, ECB (-2.5 eV 

and -4.05 eV respectively). The vertical axis is based on the normalised DOS presented 

in Figure 7.2.1.   

 

 

Figure 7.2.5: Calculated overlap functions of varying reorganisation energy, λ, with 

defined values of excited state energy, ES*, and conduction band energy, ECB (-3.3 eV 

and -4.05 eV respectively). The vertical axis is based on a normalised DOS.   
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Figure 7.2.6: Integrated overlap functions (∫FC  푑푬) of varying reorganisation energy, 

λ (see Figure 7.2.4-5), with defined values of excited state energy, ES*, and conduction 

band energy, ECB (-2.5/-3.3 eV and -4.05 eV respectively). The vertical axis is arbitrary. 

 

However, the reorganisation energy also appears in expression (7.2.1) in the pre-

exponential term. As such it is correct to compare the trend in the relative overall 

injection rate to the reorganisation energy (Figure 7.2.7).  The inverse square 

relationship of λ overcomes the exponential term within the integral, the result is that 

the election transfer rate will decrease with increasing values of λ.  However, under 

device operation it would be surprising if variations in reorganisation energy would 

manifest to much of an extent in terms of charge generation efficiency. 

Determination of the electronic matrix element, |퐻 |, from an ab initio approach for 

any D/A system other than self-exchange is extremely difficult to achieve13.  Even 

general methods for chemical electron transfer reactions are difficult to apply to the 

TiO2/Dye system14,15.  However the advancement of constrained DFT methods does 

offer promise that reliable calculations of |퐻 | may become possible16.   
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Figure 7.2.7: Calculated integrated overlap (∫FC  푑푬, red trace) and relative injection 

rate (using (7.2.1), green trace) with variations in the magnitude of the reorganisation 

energy, λ, with defined values of excited state energy, ES*, and conduction band energy, 

ECB (-2.5 eV and -4.05 eV respectively).  

 

Liang et al. has used a mathematical model very similar to the above, but considered 

injection from only a single vibronic state (i.e. no integration of terms) and assumed a 

|퐻 | value of 100 cm-1 (which would be weak coupling in a molecular system).  This 

resulted in calculation of transfer rates which were in the order of femtoseconds17.  A 

recent paper by Jones and Troisi18 has taken an alternative approach to the problem by 

partitioning the system into subsystems: the TiO2 surface, the chromophore and the 

interface between the two.  This provides a great computational advantage as the density 

of acceptor states, electronic coupling and the energy and nature of the donating state 

can be determined independently from each other.  A modified Greens function is then 

used to determine the rate of electron transfer between the subsystems.  They have used 

this model to investigate a series of organic DSSC chromophores and have also 

calculated injection rates that occur within hundreds of femtoseconds.  These rates 

compare well to the time-resolved experiments of perylene on dry anatase19.  

Let us now consider the current literature in relation to this theoretical construct of 

injection rates between adsorbed dyes and semiconductors.  With regards to DSSCs the 

most studied chromophore (in terms of kinetic experiments) is the polypyridyl Ru(II) 

dye, N3.  Despite numerous studies there is not a collective agreement on the kinetics of 
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the injection process of these systems.  A number of papers have come from the Durrant 

group in which single photon counting experiments have been used to determine the 

rate of electron injection20-25. These results have shown that the injection process is 

complex and does not conform to simple exponential decay kinetics (either single or 

multiexponential decay).  Durrant employed a ‘stretched’ exponential (ΔOD = exp-(t/τ)β 

) to model the kinetic traces.  Recent experiments23 have determined that injection from 

adsorbed N719 (basic form of N3) on TiO2 occurs with a half-life of ~185 ps and is 

highly dependent on the chemical nature of the DSSC electrolyte, most notably Li+ and 

tert-butylpyridine, tBP (both included as additives).  However, there is only a weak 

relationship with applied bias across the cell (this will be related within context of our 

model).  The excited state lifetime of N719 at room temperature in water (i.e. N3) has 

an experimental half life of ~200 ps and so the calculated quantum yield for injection is 

estimated to be of the order of 85 %.    

Experiments by Katoh et al have used time-resolved absorption (TA) spectroscopy 

where the absorption of the injected electron in the TiO2 is monitored and has 

determined injection kinetics of N3 where the half-life is of the order of fs26.  A 

ruthenium based dye analogous to [Ru(bipy)3]2+ with an appended catachol binding 

group has also been shown (again with TA spectroscopy) to inject within <100 fs27.  

Clearly a major discrepancy in the kinetic details occurs between the two forms of 

experimental technique.  It must be noted that the results from the Durrant group are 

under operating device conditions while the TA experiments are on dry anatase.  

Considering the variations in injection rates with changes in the electrolyte it can be 

conceived the difference in injection rates can be explained by dissimilar sample 

preparation.  However, the absolute rate is irrelevant to the total quantum efficiency of 

the process as ground state deactivation from the excited triplet state occurs on the order 

of 10 ns.  For the electron injection process to be the dominant pathway from the 

excited state it needs only to occur ~3 times faster than the deactivation process25.  An 

injection process which is faster than that is thus ‘kinetically redundant’ to the overall 

performance of the cell.  A series of porphyrin based dyes with binding groups on the 

meso functionalities have shown to have injection and deactivation pathways occurring 

on a similar time scale.  As a consequence their device performance is diminished 

compared to related species28.  This however does not appear to be representative of all 

porphyrin based dyes.  Meso tetra-carboxy Zn(II) porphyrin has also been observed to 

display multi-exponential injection kinetics, with time constants of <100 fs and 10 ps21.  
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Within the context of this model, a number of features can be gleaned from the 

published experimental data.  Koops et al.23 have recently demonstrated that there is 

minimal change in injection kinetics with changes to the cell electrical bias. It is worth 

noting that this is in direct contrast to a previous publication from the same group which 

presented data showing a decrease in injection rate with reverse bias29.  The more recent 

result implies: 1) There is minimal change in the energy of the CB with reverse bias 

(electrochemistry shows that the ES* lies only slightly above the flat band potential), 2) 

The CB is relatively free of electrons, i.e. the (1− 푓(푬,퐸 )) term is negligible.   

The use of additives in the electrolyte has a large influence on the injection rate.  Li+ is 

commonly used to lower the energy of the conduction band, it has been shown that 

addition of 0.1 mol L-1 Li+ induces a 300 meV downward shift in N3 sensitised TiO2 

films (increases Isc).  The use of tBP has the opposite effect and is employed as a 

method to increase the Voc of the cell. Variation in the concentrations of these additives 

allows for tuning of the TiO2 conduction band.  A combination of these two electrolytes 

are used to optimise a working cell for maximum performance, typically 0.1 mol L-1 

Li+, 0.5 mol L-1 tBP.  It has been shown by Koops et al. that as the TiO2 CB is lowered 

the injection rate increases, and appears to do so with a similar trend expressed in 

Figure 7.2.3.  However, the TiO2 CB levels in the publication did not encompass an 

energy range in which a meaningful comparison between the kinetic data and our model 

could be achieved (ES*-ECB > 0.37 eV).   

An excellent way of testing this theoretical model would be to have kinetic data for a 

whole series of DSSC chromophores (both coordination complexes and organic dyes) 

that have excited states which span the energy range of Figure 7.2.3. (ΔG=-0.1-0.6 eV)  

Unfortunately the published ΔG vs kinj kinetic data is restricted to N3 and a few other 

examples.  Katoh et al. have determined the efficiency of injection, Qinj (relative to N3) 

for a series of dyes on ZnO.  The injection efficiency was determined as the ratio of the 

injection rate, kinj to the lifetime of the excited state30.  Assuming relatively similar 

excited state lifetimes, variations in Qinj can be related to changes in the kinj.  ZnO was 

used as a substitute to TiO2 as the injection process occurs on a longer (ns) time scale 

and quality kinetic data was easier to achieve.  The plotted data from Katoh et al. with a 

calculated trace using (7.2.1) is shown in Figure 7.2.8.   
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Figure 7.2.8: Relative efficiencies of injection (with arbitrary 20% error bars) as a 

function of ES*-ECB, experimental data from Katoh et al30.  Ruthenium based dyes are 

depicted in red and organic chromophores in blue, calculated relative rate is the black 

trace.  Calculated trace determined via (7.2.1) with λ = 0.1 eV, |퐻 | = 5.8 cm-1, other 

parameters are as mentioned at the beginning of this section. 

 

The experimental data show a number of features consistent with our proposed kinetic 

model which can be considered valid in this case.  Past a specific ES* value increasing 

the energy of the excited state does not improve the injection efficiency at the interface.  

The data show a gradual increase in Qinj as ES*-ECB increases from 0.0 to 0.2 eV.  

Above 0.2 eV Qinj asymptotes, and this is consistent with the modelling using (7.2.1).  It 

is interesting to note that this fit is determined for a coupling parameter, |퐻 |, of only 6 

cm-1.  The injection rates are of the order of fs-ps and in a molecular system with 

activationless electron transfer and moderate reorganisation energies (λ ~ 0.5-1.0 eV) 

this would require  |퐻 | ~ 200-2000 cm-1 31.  However the dye-TiO2 interface is not 

molecular and the reason for the large kinj even with small |퐻 | is the large number of 

acceptor states in TiO2 which results in a large integrated FC overlap.  The electron 

transfer may be thought of as entropically driven from the large number of TiO2 

acceptor states.  An important outcome of this is that the dyes which have strong 

electronic coupling to TiO2 may not actually lead to an increase in kinj and cannot be 

considered as a wholly viable approach to improving the efficiency of the DSSC device. 
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7.3 Computational approach to determining potential energy 

surfaces 

7.3.1 Background and Methodology 

Knowledge of potential energy surfaces is crucial to understanding electron transfer and 

particularly with regard to the injection process of DSSCs.  Likewise, the idea of a 

potential energy surface is central to all molecular physics and underpins a number of 

important theorems (i.e. Frank-Condon, Marcus, anharmonic oscillator etc).  However, 

the calculation of potential energy surfaces for large systems (particularly of excited 

states) is a non trivial task.  Typical methodology involves geometric perturbation of a 

system along a single dimension (i.e. bond length/angle) and single point energy 

calculations are completed at steps along this vector.  This type of approach is generally 

limited to simple systems, such as small molecules.  Likewise, as distortions which 

occur on non-ground state geometries are usually spread between multiple dimensions 

which further complicate the system. Extending this approach to construct a matrix of 

multiple dimensions (3N-6 structural distortions) is also extremely time consuming and 

still unlikely to result in correct modelling of the potential energy surface (PES), unless 

it is limited to only a few degrees of freedom (such as a small symmetric system).  A 

more general approach would be to take a projection of the multidimensional surface 

and condense it onto a one dimensional plane.   Such a process would allow not only a 

simpler way to calculate the complete surface, but it also generates a potential which is 

much more easily visualised.  One approach (though not an efficient one) would be to 

determine the surface along every dimension and take a weighted contribution of each 

component to construct a 1D surface.  Such a method would be time consuming and 

unwieldy to implement.  
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Figure 7.3.1: Two dimensional potential energy surfaces of the S0 (green) and T1 (red) 

states of water. 

 

The methodology suggested here comprises a much simpler approach.  It will be 

illustrated (and the benefits of this method) with the water example below.  Figure 7.3.1 

displays the calculated energy surfaces for the ground state singlet, So and lowest 

energy triplet state, T1 of a water molecule in a vacuum (calculated using the B3LYP 

DFT method).  Although this should formally be a three dimensional PES it has been 

condensed to two dimensions by constraining the structure to C2v symmetry.  The PES 

is generated through calculation of the water molecule with different specific values of 

bond angle, and bond length.  The calculated PESs depicted in Figure 7.3.1 consist of 

200 individual calculations (100 for each electronic state) and although this is a small 

system it takes a considerable amount of time to construct the full PES (16 minutes of 

computational time and 90 minutes of processing).   

This proposed method involves creating a vector which encompasses the 3N-6 

molecular coordinates that transform a reactant to its product structure.  To condense the 

PESs down to a single dimension the following methodology was adopted: 

 The optimised geometries of the singlet and lowest excited triplet (or any two 

geometric minima) are calculated with tight convergence criteria. 

 Each of these geometries are rewritten as equivalent Z-matrices.  
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 A spreadsheet is constructed with the bond lengths, angles and dihedrals of each 

geometry in respective columns (i.e. a column for each geometry, G1 and G2) 

and a separate column for the structural differences, ΔG (bond length, angle, 

dihedral) between the geometries. 

 Weighted amounts, x of ΔG are used construct new geometries, N of which are 

calculated as single point energies. i.e. N= G1 + x.ΔG, where ΔG= G2-G1, x = -

2.0, -1.5, ..., 0.0, ..., 2.5, 3.0. 

 Note:  This method will calculate the PES between the two geometries, G1 and 

G2 only. 

The result of this is a PES such as that depicted in Figure 7.2.2, where the optimised 

triplet geometry is G2 and the singlet ground state is G1.  The PES still retains the same 

features and characteristics as the above example and is computationally much more 

efficient, only 20 calculations are required to generate this PES.   

 

 

 

 

 

 

 

 

Figure 7.3.2 Calculated one dimensional potential energy surfaces of the So (green) 

and T1 (red) states of water.   

 

The above technique is also an alternative technique to determine the veracity of the 

geometry optimisations, the minima of the PES should be at the optimised geometries 

for the respective electronic state (i.e. x= 0.0, 1.0).   Some initial calculations (on 

systems other than water) have shown that the vibrational energy check (confirming that 
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no imaginary frequencies are evaluated) is not a robust technique to confirm a global 

minimum, especially in non-ground electronic states. 

 

7.3.2 Case studies 

Our prime interest in developing this methodology is the investigation of excited states 

and electron transfer reactions of chemically important chromophores.  Within this 

context, the So↔T1 PES is relevant to excited state investigations, So↔S+ to redox 

processes, while the T1↔S+ PES is crucial in the understanding of the electron injection 

process of DSSCs.  As a test of this method on relevant species we have investigated the 

effect of differing DFT functionals on the PESs of Re(bipy)(CO)3Cl, (Rebipy) where 

bipy=2,2’-bipyridine.  Also, as a comparative measure the same PESs have been 

determined using the Hartree-Fock method.   The calculated PES of Rebipy using the 

B3LYP//LANL2DZ/6-31G(d) DFT method is shown in Figure 7.3.3, with the relevant 

tabulated data (including use of the PBE1 and PBE1PBE functional and HF method) in 

Table 7.3.1. 

 

 

Figure 7.3.3: Calculated PES of ReBipy for the So↔T1, So↔S+ and T1↔S+ processes 

calculated with the B3LYP//LANL2DZ/6-31G(d) DFT method. 
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Table 7.3.1: Calculated reorganisation energies and 0-0 energies (in cm-1) for the 

Rebipy potential energy surfaces. 

 So↔T1 So↔S+ T1↔S+ E0-0
a 

 λ(So) λ(T1) λ(So) λ(S+) λ(T1) λ(S+)  
B3LYP 
[Δν] 

3240 
[885] 

3263 
[60] 

2058 
[38] 

1966 
[389] 

1741 
[79] 

1813 
[170] 

17750 

PBE1 3388 3400 2125 2061 1726 1785 17854 
PBE1PBE 2124 3450 3606 2062 1775 1814 17804 
HF 4396 5642 636 5130 1869 4270 16501 

a) Calculated by taking the energy difference between the optimised So and T1 

structures 

 

The calculated PESs depicted in Figure 7.3.3 conform to either anharmonic or 

harmonic potentials, depending on the nature of the structural distortion.  A distortion 

involving simultaneous  elongation and contraction of bonds (or bending of bond 

angles) can be considered as a superposition of anharmonic potentials which lie in 

orthogonal dimensions.  When these PESs are projected onto a single plane the potential 

will have a generally harmonic form.  If, instead, the distortions are in phase the 

anharmonic terms are constructive and a very anharmonic potential is created (see 

Figure 7.3.4).  A simple way to determine the effective anharmonicity, Δν (rather than 

invoking ratios of vibrational quantum and disassociation energy32)  is to calculate the 

difference in energies determined at +/-1.0 units away from the PES origin (see Figure 

7.3.4).   A large value of Δν indicates a significant deviation from a harmonic potential, 

while a value of zero would indicate the PES conforms to a perfect harmonic (i.e. 

E=½kx2).   
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Figure 7.3.4: Idealised construction of a generally harmonic potential from a series of 

anharmonic potentials which lie orthogonal to each other.  The calculation of Δv is also 

shown as the energy difference at the geometries x = +/- 1.0. 

 

Interestingly the anharmonicity of electronic states which exhibit the same structural 

distortion differs significantly, even though their reorganisation energies may be 

similar.  This arises through differences in the way the electron density of a particular 

electronic configuration is rearranged across the molecule relative to the nature of the 

structural distortion.  Consider a simple diatomic, asymmetry in the PES occurs at r>re 

(where r is the bond length and re is the equilibrium bond length) because the bond 

order/force constant decreases with increasing r.  Suppose the opposite occurs, if the 

particular electronic state involves an increase in electron density of the bond, such an 

asymmetry would not be observed as the force constant would remain invariable with 

increasing r.  A related phenomenon can be considered here to explain the variation 

with differing electronic states.  This can be illustrated with the So↔T1 PES,  the 

calculated valence orbitals (those that undergo variations with different electronic 

configurations) of the So and T1 states at their optimised geometries is depicted in Table 

7.3.2. The calculated MOs show that the So state is localised on the coordinated Re(I) 

centre while the triplet state is spread across the molecule, largely on the bipy ligand.  

The nature of the geometric distortion for this PES is concerned with movement of the 

coordination sphere but also with distortion of the bipy ligand.  The T1 electron density 



172 
 

mirrors the geometric distortion to a greater extent than the So state and in doing so 

leads to an increase in bond order across these regions of the molecular and a lower 

degree of asymmetry across the PES (60 cm-1 vs 885 cm-1).  This suggests that the 

asymmetry of a particular PES is related to how well the bond order of a particular 

electronic configuration couples to changes in geometric structure across that surface.   

 

Table 7.3.2: Calculated highest occupied MOs of the So and T1 electronic states of 

Rebipy. Calculated with the B3LYP//LANL2DZ/6-31G(d) DFT method.  The T1 MO is 

the sum of the two singularly occupied MOs. 

 

 

 
 

 

So T1 

 

 

The ability of this method to determine energies at incremental structural distortions 

allows for other properties (both electronic and structural) to be evaluated at each of 

these geometries.  This can be illustrated with Figure 7.3.5 below, here we have 

calculated the x, y, and z components of the electronic dipole of ReBipy for the So↔T1, 

So↔S+ and T1↔S+ potential energy surfaces.  The absolute detail of these calculations 

is not important to the current discussion, but it does exemplify that both the absolute 

magnitude and trends of the dipoles differs between the nature of the geometric changes 

and between electronic states.  Likewise it illustrates how this general method can be 
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utilised to determined various features of a system (in this case the electronic dipoles) 

across a particular geometric distortion or reaction coordinate. 

 

 

Figure 7.3.5 Calculated x, y, and z components of the electronic dipole of ReBipy for 

the So↔T1, So↔S+ and T1↔S+ PES calculated with the B3LYP//LANL2DZ/6-31G(d) 

DFT method. 

 

To introduce some species relevant to DSSC devices let us now consider the N3 and 

Black Dye chromophores (Table 7.3.3).  These ruthenium (II) based dyes have so far 

shown the greatest performance in DSSCs and have been the focus of the majority of 

publications concerning device operation (i.e. electron transfer processes).  Within this 

context, the two electron transfer reactions considered are the electron injection process 

and the dye regeneration reaction (see processes (2) and (7) in Figure 1.2.1).  As a case 

of simplifying the systems we will only consider changes in electronic structure and 

geometry relating to the dye, as that of the semiconductor is considered to be relatively 

constant (i.e. no build up in charge).  The injection process can now be considered as a 

change in electronic configuration from a T1 (excited state) to S+ (oxidised dye) while 

the regeneration is a reduction from the S+ to the So state.  Although in a working cell 

this should include a contribution from the I-/I3
-, that contribution is taken to be a 

constant and variations in dye structure is only considered. The optimised structure of 

both species (B3LYP//6-31G(d)/LANL2DZ) conform to the calculated geometries 

determined at a similar level of theory and exist as slightly distorted octahedra33,34.  The 

PES of N3 and Black Dye are depicted in Figure 7.3.6 and 7.3.7 respectively, with 

calculated values of λ, E0-0 and Δν energies tabulated in Table 7.3.4.  The nature of the 

structural distortion is significantly different between the two electron transfer processes 

but both are localised somewhat about the metal centre.  For the T1↔S+
 PES the 

geometric distortion is associated with an in-plane bond elongation of the bipy-CO2H 
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ligands and movement of the NCS ligands about the coordination sphere.  This is 

contrasted with the S+↔So PES, which exhibits a twist in the dihedral planes of the two 

bipy-CO2H ligands about their coordination geometry (hence the larger calculated λ). 

 

Table 7.3.3: Chemical structure of the N3 and Black Dye. 
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Figure 7.3.6: Calculated PES of N3 for the T1↔S+ and So↔S+ processes. 

 

 

Figure 7.3.7: Calculated PES of Black Dye for the T1↔S+ and So↔S+ processes. 
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The calculated geometric distortions for the Black Dye are similar to the N3 example, 

for T1↔S+ the terpy-CO2H exhibits bond elongation and there is a decrease in the Ru-

N-C bond angle from 171 o to 166 o
. Reduction to the ground state involves 

reorganisation of the coordination sphere made up of a number of complex geometric 

changes.  The calculated reorganisation energies of N3 and Black Dye are similar (i.e. 

within 120 cm-1) but they do differ significantly on the degree of anharmonicity of the 

PES.  The Black Dye PESs are much more symmetric compared to the N3 analogue.  

This reflects differences in the electronic structure between the two species, the Black 

Dye is more able to reorganise its electron density to counteract changes in the 

geometric structure.  This may be representative of the fact there is only a single 

conjugated ligand which needs to have its density rearranged.  It is also easier to 

dissipate any excess charge with a larger conjugated system.  The extended conjugated 

system also reflects the lower calculated E0-0 value.  

 

Table 7.3.4: Calculated reorganisation energies and triplet-singlet 0-0 energies (in cm-

1) for N3  and Black Dye. 

 So↔S+ T1↔S+ E0-0
a 

 λ(So) λ(S+) λ(T1) λ(S+)  
N3 [Δν ] 1274 [308] 994 [38] 888 [296] 1000 [108] 8146  
Black Dye [Δν ] 1280 [77] 1109 [9] 958 [9] 921 [18] 5681 

 

 

These Ru(II) based species can be contrasted against porphyrin chromophores used in 

the DSSC device.  As a comparison to the active dyes, the calculated PES of ZnTPP is 

shown below in Figure 7.3.8, while the PES of GD2 is plotted in Figure 7.3.9, the 

surface of P199 can be found in appendix 6.  Although electron injection from these 

dyes occurs from the singlet state (their spin-orbit coupling is low) for ease of 

computation the triplet state is modelled as the excited state.  Although this is not 

explicitly correct it is deemed acceptable as a number of experiments have shown that 

the S1 and T1 states of porphyrins do not differ to a major degree35. 
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Table 7.3.5: Chemical structure of the ZnTPP, P199  and GD2 

ZnTPP P199 GD2 
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 The T1 surface (T1↔S+ PES) of ZnTPP reveals an intersection of two surfaces which 

lie slightly orthogonal to each other as a small local minimum is observed at x=1.5.  

The distortion associated with this PES consists of a ~10% in-plane bond contraction 

with almost negligible out-of-plane distortions or movement of the meso-phenyl units.  

This contrasts with the So↔S+
 surface which exhibits a flattening of the meso-phenyl 

dihedral with the porphyrin plane, minor changes in bond length and an out-of-plane 

distortion of the wav form.  The out-of-plane geometric change is also consistent with 

the larger calculated reorganisation energy of 855/903 cm-1 compared with 463/521 cm-

1 for the in-plane distortion.   

 

 

Figure 7.3.8: Calculated PES of ZnTPP for the T1↔S+ and So↔S+ processes. 
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The characteristics of the PESs change considerably when the porphyrin is substituted.  

The So↔S+ PES of GD2 shows the most striking difference.  The surface about the 

minima shows only minor increases in energy about the equilibrium geometries (x 

=0.0,1.0) but exhibits large energy increases (~104s cm-1) when significantly distorted.  

This can be rationalised when considering the geometric changes across this surface, 

this involves a significant out-of-plane saddling of the porphyrin ring along the axis of 

substitution.  However a structural distortion such as this can only be taken so far before 

conjugation of the ring is lost and the large increase in energy is observed.  The triplet 

geometry also encompasses the same saddling of the porphyrin macrocycle as the 

oxidised species and includes a lowering of the dihedral angle between the conjugated 

substituent and the porphyrin ring, presumably as an effort to delocalise the unpaired 

electrons.    

 

 

Figure 7.3.9: Calculated PES of GD2 for the T1↔S+ and So↔S+ processes. 

 

For P199 the So↔S+ distortion is of a similar character to the T1↔S+ (saddling of the 

core) but not to the same magnitude, this is also reflected in the comparatively lower 

calculated reorganisation energy.  The geometric changes across the T1↔S+ surface are 

largely an in-plane bond contraction with retention of the saddled geometry.  Again this 

is highlighted with a comparatively low reorganisation energy.   Both of these species 

show a distinct difference in their calculated PES to the parent ZnTPP structure.  The 

nature of the structural changes goes from minor in-plane rearrangements to greater out-

of-plane distortions.  Consequently there is a much larger reorganisation energy 

observed in species where the out-of-plane distortion dominates.  
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Table 7.3.6: Calculated reorganisation energies and triplet-singlet 0-0 energies (in cm-

1) for ZnTPP, P199  and GD2. 

 So↔S+ T1↔S+ 0-0a 

 λ(So) λ(S+) λ(T1) λ(S+)  
ZnTPP [Δν ] 463 [55] 521 [261] 855 [1] 903 [19] 13544 
P199 a) 871 856 835 1050 12699 
GD2 a) 988 902 1052 1035 11628 

a)Δv could not be determined because of the nature of the PES, see text 

for details. 

 

Within the context of DSSC operation (and our theoretical model in section 7.3) a 

number of features from this type of analysis can be distilled.  The N3 and Black Dye 

have very similar characteristics relating to their T1↔S+ (other than Δν) PES, with 

calculated λ and geometric changes of a similar order.  Likewise it has been shown that 

their experimentally determined lifetimes are similar and both of these dyes have related 

injection kinetics.  However, their behaviour during the regeneration process was 

calculated to differ between the two species.  To our knowledge there have been no 

comparative studies between these two dyes to investigate this process but in light of 

this work such experiments would be warranted.   

The T1↔S+ PES of the porphyrin dyes are calculated to have lower reorganisation 

energies than the ruthenium species.  From section 7.2 this would imply (all other 

parameters being equal) that the injection would proceed more rapidly than the N3 

example.  This has been shown that this is the case for a series of analogous porphyrin 

dimers26 and it would be expected to be a similar example for the series displayed here.  

However, the low reorganisation energy for the  So↔S+
 process could be detrimental for 

these type of motifs as it may increase their reduction rates from the injected electron 

rather than the I-/I3
- electrolyte depending on the system employed.  This has shown to 

be an issue in device efficiency for dyes such as P19936. 

This method of determining potential energy surfaces lends itself to determining 

physical behaviour in a number of systems. As shown here it is particularly adaptable to 

determining photophysical properties across ground and excited state as well as 

investigated features of redox chemistry.  In fact it should be directly applicable to any 

system where a change in electronic configuration (and hence geometric structure) is 
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important.  An example of this is spin crossover complexes, where the electronic 

configuration alters between high and low spin depending on external stimuli.  This is a 

very active field where synthetic design of systems has also been employed as an 

attempt to optimise this process37,38.  Understanding geometric changes with electronic 

spin state is thus very important to this end.  This method has the promise to aid in such 

design processes. 

Potential energy surfaces are often used to determine dynamics of molecular reactions 

and rearrangements.   This proposed method would be advantageous in this regard over 

IRC methods39,40 in that a transition state need not be determined.  But here we require 

that both the reactant and products are well characterised.  This may not always be 

possible and within this framework it would be near-sighted to assume that such 

molecular rearrangements would occur in a linear fashion as required for our method.  It 

is concluded that without further development of this model it is still limited (and best 

suited for) investigation of single species which involve changes in electronic 

configurations. 

 

7.4 Conclusions 

A model based on Marcus-Hush electron transfer theory has been adapted to calculate 

injection rates from adsorbed dyes into a semiconductor conduction band.  This model 

accounts for various features associated with the electron donor state of the 

chromophore (eg. ES*, λ etc), the results of this have demonstrated that for optimal 

overlap of dye and semiconductor electronic states, ES*>ECB+ 2λ.  Moreover, the theory 

was shown to correctly model injection data for a limited series of DSSC dyes.  Within 

this theory strong electronic coupling between the dye and the semiconductor is not 

required for fast electron transfer as the continuum of semiconductor states means the 

electron transfer will always occur along an activationless pathway.  Within the realm of 

synthetic design of this system this work promotes a rethink of previously held beliefs 

on optimal chromophore structure. 

A simple, general method to determine potential energy surfaces of large systems has 

been illustrated with a number of exemplar systems.  For these larger systems the 

calculated PESs conform to a generally harmonic potential due to the orthogonal 

overlap of a number of anharmonic potentials.  The degree of anharmonicity adopted for 
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a particular PES is highly dependent on the electronic configuration occupied on that 

PES.  This has been accounted for by consideration of how the electronic state couples 

to the structural distortions associated with the PES.  This method has the potential to be 

adapted to almost any system where a change in electronic configuration occurs, a few 

examples with respect to DSSC operation have been illustrated.   
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Chapter 8 

 

Conclusions 

 

All studies of the porphyrin species presented in this thesis used the B3LYP DFT 

method in combination with a 6-31G(d) basis set and have been found to correctly 

model the structural and electronic properties of these systems.  The first series of 

involved investigation of a set of structures which differed in the nature of the aromatic 

ring (phenyl verses thiophene) which connects a Zn(II) porphyrin core to a 

cyanocarboxylate binding functionality.  It was found that there was a significant 

interaction between the porphyrin based eg MOs and the binding substituent based 

orbital which required an expansion of the FMOs to a ‘five-orbital model’.  This model 

was shown to account for the nature of the excited state which was probed with 

resonance Raman spectroscopy.  It was found that the use a thiophene ring at the meso 

position offered no improved charge delocalisation of the excited state over a phenyl 

linker.  The X-ZnP-Ph species were found to already encompass significant charge-

transfer characteristics associated with B band excitation.   The second series of 

compounds consisted of species where one meso position encompassed an aromatic ring 

with a cyanocarboxylate group and a redox active moiety appended to the opposite 

meso position.  DFT calculations showed that the nature and redox activity of the 

oxidised porphyrin species could be tuned by the groups appended to the meso position 

while the nature of their ground and excited states were left unperturbed. 

A set of Cu(II) porphyrins with electron donating (thio ether) and electron withdrawing 

(cyano) β substituents, as well as their doubly β substituted analogues, CuP-SMe-

CO2H and CuP-CN-CO2H,  were investigated.  All structures except for CuP-CN 

exhibited an out-of plane saddled distortion of the porphyrin core.  Their calculated 

electronic structure and electronic absorption characteristics were also significantly 

perturbed but could be explained by invoking the ‘five-orbital model’.  A resonance 

Raman study showed that CuP-CN exhibits a significant Jahn-Teller distortion on its 

excited states which was not observed in any of the other derivatives.   
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A series of Ru(II) porphyrins with differing axial ligands (Py, CO) and substitution to 

the β position were also shown to be well modelled by DFT.  The calculated structure of 

Ru(CO)P matched the experiment crystal structure well.  The dπ orbitals of Ru(II) are 

similar in energy to the occupied FMOs of the porphyrin and mixing between these 

states occurs.  When the axial ligand is of π withdrawing character (i.e. CO) it lowers 

the energy of the dπ orbitals relative to the porphyrin MOs and limits interaction 

between the orbital sets.  DFT calculations of the lowest energy triplet states showed 

that the T1 state of Ru(Py)P had significant dπ character while Ru(CO)P was 

porphyrin, ππ*, based.  This was consistent with the ‘π withdrawing’ model of these 

systems.  Similar to previous examples the conjugated substituent at the β position had a 

large influence on the behaviour of the eg orbital set.  The previously degenerate eg 

orbitals mix with substituent based MO and split into three components, two of which 

(e1 and e3) have mixed substituent/porphyrin character and one, (e2) which retains its egy 

parent symmetry.  Resonance Raman experiments showed that the B state in the FC 

region of these species was delocalised across the β substituent but that the Q state was 

localised to the porphyrin core.       

A vibrational study was completed on a series of free-base and Ni(II) N-confused 

porphyrins.  These differ to regular porphyrins by ‘confusion’ of one of their pyrrole 

rings.  The results showed that the vibrational energies of the Ni(II) porphyrins did not 

differ between the regular  and N-confused species.  This supported the theory that the 

coordinated metal behaved as a ‘scaffold’ to the porphyrin ring, and that distortion of 

the macrocycle by way of confusion was prevented by the required core size of the 

central ion.  This contrasts to the free-base derivatives which showed significant 

vibrational wavenumber shifts.  The wavenumber shifts where however limited to 

modes which were associated only with the confused ring.  This implied that the 

structural distortions were localised to the site of confusion and did not result a 

structural change to the entire porphyrin ring.  

The final chapter involved development of a model based on Marcus-Hush theory to 

explain the electron injection process in DSSCs.  It was demonstrated that for optimal 

overlap of dye and semiconductor electronic states the energy of the excited state, ES*, 

should be two times the reorganisation energy, λ, above the conduction band, ECB  (i.e. 

ES*>ECB+ 2λ).  Some modelling of experimental data also suggested that the electronic 

coupling required to achieve fast electron transfer (~fs) was surprisingly weak (~5-10 

cm-1).  This arises from the continuum of semiconductor states which means the 
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electron transfer will always occur along an activationless pathway and due to the large 

amount of accepting states which results in a reaction that involves a significant 

increase in entropy. 

A simple method for determining the potential energy surface of large molecules was 

also introduced.  This involved evaluating a single vector which encompasses the 

structural changes from one state to another.  It was found that the PESs of these large 

molecules were generally harmonic due to the orthogonal overlap of a number of 

anharmonic potentials. The degree to which the PES adopts an anharmonic form was 

found to vary depending on the nature of the electronic configuration occupied on that 

PES.  This was accounted for by considering how well the bond order of an electronic 

state mimics the structural distortions associated with the PES.   
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Future Directions 

 

This work has involved research on a number of meso and β substituted porphyrins 

from which electronic structure models have been developed to explain the observed 

phenomenon.  This has been completed with a particular focus on their application to 

DSSC devices.  As such, some features for future directions of advancement in this 

respect have been established.  As a general conclusion from the meso substituted 

porphyrins it should be expressed that when investigating novel compounds, just 

because the resulting electronic absorption spectra appear similar to the parent species 

does not mean the electronically excited states are identical.  It was shown the meso 

substituted species have a richer photophysics compared to their symmetric counterparts 

despite having very similar electronic absorption characteristics.  Likewise this research 

also stresses the importance of using DFT and TD-DFT calculations in conjunction with 

experimental data rather than primarily relying on particular DFT calculated trends to fit 

a desired hypothesis. 

With regard to porphyrin chromophore design this work shows that substituents at the 

meso position are not electronically benign to perturbation of the FMO structure. Indeed 

a number of structures with interesting electronic properties are possible with 

substitution at this site.  An intriguing porphyrin structure would be one where 

asymmetric meso and β substitution is achieved with unique electroactive species at 

each site.  Such a structure would allow for electronic tuning of the excited state 

(through β substituents) and its oxidised species (redox active meso groups).  Tunability 

of this nature would be well suited for obtaining desirable dye properties (particularly 

for the cation) for application to DSSCs. 

It is the author’s opinion that the method introduced in the final chapter for calculation 

of potential energy surfaces for large molecules has a wide application to the field of 

molecular physics.  It is believed that this is a generally applicable method that should 

find use in a wide variety of physical fields. 
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Appendix 1 

 

Character Group Tables for D4h, D2h and C2v 

 

S1.1 D4h 

D4h E 2C4 C2 C2΄ 3C2΄΄ i 2S4 σ 2σv 2σd  
a1g 1 1 1 1 1 1 1 1 1 1 x2+y2, z2 

a2g 1 1 1 -1 -1 1 1 1 -1 -1  
b1g 1 -1 1 1 -1 1 -1 1 1 -1 x2-y2 

b2g 1 -1 1 -1 1 1 -1 1 -1 1 xy 
eg 2 0 -2 0 0 2 0 -2 0 0 xz, yz 
a1u 1 1 1 1 1 -1 -1 -1 -1 -1  
a2u 1 1 1 -1 -1 -1 -1 -1 1 1 z 
b1u 1 -1 1 1 -1 -1 1 -1 -1 1  
b2u 1 -1 1 -1 1 -1 1 -1 1 -1  
eu 2 0 -2 0 0 -2 0 2 0 0 x, y 

 

S1.2   D2h 

D2h E C2 C2΄ C2΄΄ i σ σ΄ σ΄΄  
ag 1 1 1 1 1 1 1 1 x2, y2, z2 
b1g 1 1 -1 -1 1 1 -1 -1 xy 
b2g 1 -1 1 -1 1 -1 1 -1 xz 
b3g 1 -1 -1 1 1 -1 -1 1 yz 
au 1 1 1 1 -1 -1 -1 -1  
b1u 1 1 -1 -1 -1 -1 1 1 z 
b2u 1 -1 1 -1 -1 1 -1 1 y 
b3u 1 -1 -1 1 -1 1 1 -1 x 
 

S1.3   C2v 

C2v E C2 σv σv΄  
a1 1 1 1 1 z, x2, y2, z2

 
a2 1 1 -1 -1 xy 
b1 1 -1 1 -1 x, xz 
b2 1 -1 -1 1 y, yz 
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Appendix 2 

 

The Correlation between Experimental and 
Calculated Vibrational Spectra 

 
A2.1 Calculation of Mean Absolute Deviation (MAD) 

In quantifying the correlation between the experimental and calculated vibrational 

spectra the mean absolute deviations (MAD) between spectra are used.  All peaks in the 

experimental spectrum that are above a relative intensity of 20% of the strongest band 

are identified and correlated to the calculated bands based on peak energy and intensity 

patterns.  A table of experimental and calculated vibrations are constructed and the 

mean absolute deviation of the vibrational energies determined from this set of data.    A 

MAD approaching the spectrometer resolution represents an excellent correlation of 

calculated data with the experiment, but a MAD less than 10 cm-1 represents a 

acceptable result.  Analysis of this type is restricted to the 800-1700 cm-1 region.  

MADs are reported in the text to the nearest cm-1. 

 

A2.2 Calculated and Experimental Spectra (Chapter 3) 

 

  
Ph-ZnP-Ph Ph-ZnP-Thio 
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Thio-ZnP-Ph Thio-ZnP-Thio 

  

  
Fc-Ph-ZnP Fc-ZnP 

 

  
TPA-ZnP Terthio-ZnP 
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Py-ZnP BzThio-ZnP 

  

  
DiMe-ZnP Dio-ZnP 

 

Ph-ZnP-Ph 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1595 100 1590 100 5 
1547 66 1556 32 9 
1362 39 1359 28 3 
1188 29 1191 23 3 

     
    Scale Factor: 0.970 
    MAD: 5.21 
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Ph-ZnP-Thio 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1592 50 1597 12 5 
1582 73 1575 40 7 
1546 93 1546 41 0 
1446 88 1443 100 3 
1435 100 1439 80 4 
1358 65 1344 31 14 

     
    Scale Factor: 0.963 
    MAD: 5.45 
 

Thio-ZnP-Ph 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1595 100 1590 100 5 
1548 55 1556 33 8 
1359 50 1359 28 0 
1226 20 1225 19 1 
1188 22 1200 26 12 

     
    Scale Factor: 0.970 
    MAD: 5.28 
 

 

Thio-ZnP-Thio 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1584 65 1579 37 5 
1548 75 1548 40 0 
1482 36 1496 23 14 
1445 94 1444 100 1 
1433 100 1437 75 4 
1358 79 1347 36 11 

     
    Scale Factor: 0.965 
    MAD: 5.76 
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Fc-Ph-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1598 100 1584 100 14 
1548 61 1548 40 0 
1455 17 1457 45 2 
1337 35 1352 52 15 
1188 35 1186 25 2 

     
    Scale Factor: 0.966 
    MAD: 6.65 
 

Fc--ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1596 100 1596 100 0 
1553 60 1555 37 2 
1548 71 1542 28 6 
1353 100 1358 40 5 

     
    Scale Factor: 0.980 
    MAD: 3.33 
 
 

TPA-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1596 100 1581 100 15 
1547 48 1547 41 0 
1351 48 1351 42 0 
1282 35 1268 10 14 
1232 23 1248 17 16 
1000 23 981 5 19 

     
    Scale Factor: 0.965 
    MAD: 11.01 
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TerThio-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1596 75 1588 20 8 
1548 36 1552 10 4 
1524 33 1543 10 19 
1468 100 1468 100 0 
1360 58 1355 10 5 
1210 35 1219 3 9 
1048 29 1047 8 1 
826 41 827 1 1 

     
    Scale Factor: 0.969 
    MAD: 5.77 

Py-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1626 43 1626 7 0 
1596 100 1584 100 12 
1547 59 1549 29 2 
1359 29 1351 24 8 
1237 38 1248 12 11 

     
    Scale Factor: 0.966 
    MAD: 6.43 
 

BzThio-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1594 100 1585 100 9 
1549 66 1550 39 1 
1360 49 1352 30 8 
1290 21 1297 10 7 
1187 35 1187 25 0 

     
    Scale Factor: 0.967 
    MAD: 5.08 
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DiMeBz-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1596 100 1585 100 11 
1549 57 1552 29 3 
1361 40 1353 26 8 
1291 19 1292 10 1 
1187 32 1187 23 0 

     
    Scale Factor: 0.967 
    MAD: 4.46 
 

Dio-ZnP 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1598 100 1581 100 17 
1547 66 1547 34 0 
1341 41 1349 33 8 
1011 37 1018 23 7 

     
    Scale Factor: 0.964 
    MAD: 7.89 
 

A2.3 Calculated and Experimental Spectra (Chapter 5) 

  
Ru(CO)P Ru(Py)P 
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Ru(CO)P 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1603 85 1605 92 2 
1548 100 1548 100 0 
1490 67 1493 13 3 
1470 73 1459 79 11 
1366 28 1357 55 9 
1303 94 1312 28 9 
999 43 985 27 14 

     
    Scale Factor: 0.957 
    MAD: 6.86 
 

Ru(Py)P 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1599 87 1604 93 5 
1547 100 1547 100 0 
1471 71 1472 68 1 
1363 76 1351 78 12 
1215 22 1215 48 0 
1015 93 1006 78 9 

998 51 984 43 14 
     

    Scale Factor: 0.956 
    MAD: 5.90 
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A2.4 Calculated and Experimental Spectra (Chapter 6) 

 

 

(H2)1  

  
(Ni)1 (Ni)2 

 

 

(Ni)3  
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(H2)1 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1592 73 1597 75 5 
1549 100 1549 80 0 
1427 21 1430 17 3 
1383 43 1366 35 17 
1337 20 1343 65 6 
1217 32 1213    100 4 
1000 25 980 55 20 

     
    Scale Factor: 0.963 
    MAD: 7.80 

 (Ni)1 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1595 91 1599 63 4 
1570 100 1576 100 6 
1500 92 1500 41 0 
1375 83 1366 72 9 
1306 55 1312 9 6 
1221     27 1216 78 5 
1082 22 1079 7 3 

999 48 981 50 18 
     

    Scale Factor: 0.964 
    MAD: 6.63 

(Ni)2 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1594 95 1597 61 3 
1581 100 1573 100 8 
1548 62 1548 21 0 
1499 68 1500 23 1 
1354 55 1354 32 0 
1345 54 1344 44 1 
1215 61 1223 52 8 
1082 35 1076 9 6 
999 32 980 42 19 
827 33 834 12 7 

     
    Scale Factor: 0.964 
    MAD: 5.08 
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(Ni)3 

Experimental Calculated Abs. Dev. 

cm-1 Rel. Int cm-1 Rel. Int cm-1 

1596 91 1599 63 3 
1583 100 1573 100 10 
1531 92 1536 41 5 
1495 83 1491 72 4 
1387 55 1373 9 14 
1356     27 1348 78 8 
1347 62 1347 7 0 
1216 68 1218 50 2 
1202 55 1215 62 13 
1081 54 1077 68 4 

999 32 980 55 19 
825 38 834     27 9 

     
    Scale Factor: 0.964 
    MAD: 6.67 
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Appendix 3 

 

Time-Dependent DFT (TD-DFT) Calculations  
 

A3.1 Chapter 3  

Species Transition 
Energy 

Osc. 
Strength 

Orbital Contributions (Coefficients) 

 cm-1 nm f  
     
Ph-ZnP-Ph 17119 584 0.258 HOMO->LUMO (0.89) 
 

24873 402 0.6196 
H-4->LUMO (0.38), H-4->L+2 (-0.22), H-1->L+1 (-
0.16) 

 
25413 393 1.3353 

H-4->LUMO (0.27), H-4->L+2 (-0.11), H-1->L+1 
(0.23), HOMO->L+2 (0.15) 

 
25445 393 0.9483 

H-4->L+1 (0.33), H-1->L+2 (-0.28), HOMO->L+1 
(0.15) 

     
Thio-ZnP-
Ph 17706 565 0.1478 H-1->L+1 (0.15), HOMO->LUMO (0.80) 
 25736 389 0.4918 H-3->LUMO (0.45), H-3->L+2 (0.15) 
 

25836 387 1.0529 
H-3->LUMO (0.20), H-2->LUMO (0.15), H-1->L+1 
(0.13) 

 
26395 379 1.233 

H-1->L+1 (-0.11), H-1->L+2 (0.18), HOMO->L+1 
(0.17), HOMO->L+2 (0.10) 

     
Ph-ZnP-
Thio 17581 569 0.1695 H-1->L+1 (0.17), HOMO->LUMO (0.81) 
 24853 402 0.2332 H-2->LUMO (0.57), H-2->L+2 (-0.24) 
 

26028 384 0.8566 
H-2->L+1 (-0.27), H-1->L+2 (0.23), HOMO->L+1 (-
0.19) 

 
26305 380 1.3231 

H-2->LUMO (0.24), H-1->L+1 (0.26), HOMO->L+2 
(0.15) 

     
Thio-ZnP-
Thio 17655 566 0.1628 H-1->L+2 (0.12), HOMO->LUMO (0.79) 
 24608 406 0.2488 H-2->LUMO (0.56), H-2->L+1 (0.17) 
 

25772 388 1.21 
H-3->LUMO (0.17), H-2->LUMO (-0.22), H-1->L+2 
(0.19) 

 
25877 386 0.88 

H-2->L+2 (-0.13), H-1->L+1 (0.19), HOMO->L+2 
(0.20) 
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Species Transition 
Energy 

Osc. 
Strength 

Orbital Contributions (Coefficients) 

 cm-1 nm f  
     
Fc-Ph-
ZnP 15461 647 0.2651 HOMO->LUMO (0.80) 
 24775 404 0.466 H-8->LUMO (0.34), H-8->L+1 (-0.15), H-1->L+2 (-0.22) 
 

25062 399 0.5902 
H-8->LUMO (-0.20), H-3->L+2 (0.21), H-1->L+1 (0.23), 
HOMO->L+2 (-0.15) 

 25106 398 0.9872 H-8->LUMO (0.13), H-1->L+2 (0.33) 
     
Fc-ZnP 17348 576 0.223 H-2->L+1 (-0.11), HOMO->LUMO (0.84) 
 

25500 392 0.7665 
H-10->LUMO (0.25), H-10->L+2 (-0.16), H-2->L+1 
(0.24), HOMO->L+2 (-0.11) 

 
25778 388 0.1516 

H-10->LUMO (0.25), H-10->L+2 (-0.13), H-4->LUMO 
(0.45) 

 26160 382 0.6689 H-10->L+1 (0.36), H-2->L+2 (0.31), HOMO->L+1 (0.18) 
     
TPA-ZnP 16782 596 0.2397 HOMO->LUMO (0.86) 
 21217 471 0.1939 H-2->L+1 (-0.12), H-1->L+2 (0.53), HOMO->L+2 (0.25) 
 25649 390 0.3772 H-7->LUMO (0.46), H-7->L+2 (0.27), H-2->L+1 (0.13) 
 26280 381 0.5073 H-7->L+1 (0.53), H-2->L+2 (-0.24), H-1->L+1 (0.14) 
 26396 379 1.5173 H-7->LUMO (-0.20), H-2->L+1 (0.34), H-1->L+2 (0.23) 
     
Terthio-
ZnP 6418 1558 0.5173 HOMO(0.B)->LUMO(0.B) (0.97) 
 13744 728 0.1017 H-7(0.B)->LUMO(0.B) (0.59) 
 

14104 709 0.1233 
HOMO(0.A)->LUMO(0.A) (-0.16), H-9(0.B)-
>LUMO(0.B) (0.66) 

 
14541 688 0.2195 

HOMO(0.A)->LUMO(0.A) (0.27), H-11(0.B)-
>LUMO(0.B) (0.14), H-9(0.B)->LUMO(0.B) (0.13) 

 
15415 649 0.1411 

HOMO(0.A)->LUMO(0.A) (-0.11), H-11(0.B)-
>LUMO(0.B) (0.51), HOMO(0.B)->L+1(0.B) (0.12) 

 

16522 605 0.1832 

H-1(0.A)->L+1(0.A) (0.44), HOMO(0.A)->LUMO(0.A) 
(0.10), H-1(0.B)->L+2(0.B) (-0.23), HOMO(0.B)-
>L+1(0.B) (0.12) 

 
19980 500 0.132 

H-2(0.A)->LUMO(0.A) (0.42), H-17(0.B)->LUMO(0.B) 
(-0.19) 

 
21454 466 0.1102 

HOMO(0.A)->L+2(0.A) (0.24), H-19(0.B)->LUMO(0.B) 
(0.36) 

     
Pyr-ZnP 17727 564 0.1728 H-1->L+1 (-0.14), HOMO->LUMO (0.83) 
 25622 390 0.2338 H-8->LUMO (0.11), HOMO->L+3 (0.64) 
 

25657 390 0.3368 
H-8->LUMO (0.34), H-8->L+2 (-0.19), HOMO->L+3 (-
0.23) 

 
25997 385 1.2225 

H-8->LUMO (-0.19), H-8->L+2 (0.10), H-1->L+1 (0.25), 
H-1->L+3 (-0.17), HOMO->L+2 (-0.20) 

     
BzThio-
ZnP 17762 563 0.1676 H-1->L+1 (-0.17), HOMO->LUMO (0.80) 
 

25407 394 0.464 
H-8->LUMO (0.28), H-8->L+2 (0.16), H-2->L+1 (0.22), 
H-1->L+1 (0.15) 

     
Dio-ZnP 18069 553 0.1251 H-1->L+2 (0.20), HOMO->L+1 (0.76) 
 

26367 379 0.9973 
H-11->LUMO (-0.10), H-2->L+1 (-0.22), H-1->L+2 
(0.31), HOMO->L+3 (0.20) 
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A3.2 Chapter 6 Porphyrins 

Species Transition 
Energy 

Osc. 
Strength 

Orbital Contributions 

 cm-1 nm f  
     
(0.H2)1 17362 576 0.0197 H-1->LUMO (0.40), HOMO->L+1 (0.65) 
 18576 538 0.037 H-1->L+1 (-0.40), HOMO->LUMO (0.59) 
 

25526 392 0.8199 
H-3->L+1 (-0.23), H-1->LUMO (0.36), HOMO->L+1 
(-0.13) 

 26501 377 1.3073 H-1->L+1 (0.39), HOMO->LUMO (0.19) 
     
(0.H2)2i 15627 640 0.0813 H-1->L+1 (0.26), HOMO->LUMO (0.71) 
 17401 575 0.0872 H-1->LUMO (-0.32), HOMO->L+1 (0.62) 
 23773 421 0.4935 H-2->LUMO (0.18), H-1->L+1 (0.41) 
 

25174 397 1.0513 
H-1->LUMO (0.36), H-1->L+1 (-0.10), HOMO->L+1 
(0.10) 

     
(0.H2)2e 14345 697 0.1703 HOMO->LUMO (0.75) 
 17423 574 0.0189 H-1->LUMO (-0.37), HOMO->L+1 (0.63) 
 

24427 409 0.2995 
H-1->LUMO (0.10), H-1->L+1 (0.36), HOMO->L+2 
(-0.31) 

 
24661 405 0.7214 

H-2->LUMO (-0.15), H-1->LUMO (0.25), HOMO-
>L+1 (0.10) 

     
(0.H2)3 14300 699 0.1661 HOMO->LUMO (0.75) 
 23861 419 0.0812 H-2->LUMO (0.65), H-1->L+1 (-0.16) 
 

24261 412 0.6217 
H-1->LUMO (0.21), H-1->L+1 (0.28), HOMO->L+1 
(0.10), HOMO->L+2 (-0.18) 

 
24573 407 0.4915 

H-2->LUMO (-0.16), H-1->LUMO (0.15), H-1->L+1 
(-0.17), HOMO->L+2 (0.20) 

     
(0.Ni)1 19624 510 0.0016 H-1->L+1 (-0.50), HOMO->LUMO (0.53) 
 19628 509 0.0015 H-1->LUMO (0.50), HOMO->L+1 (0.53) 
 26814 373 1.1544 H-1->L+1 (0.33), HOMO->LUMO (0.30) 
 26819 373 1.1526 H-1->LUMO (0.33), HOMO->L+1 (-0.30) 
     
(0.Ni)2 13658 732 0.0518 HOMO->LUMO (0.76) 
 

17873 560 0.0649 
H-4->LUMO (0.22), H-2->LUMO (0.10), H-1-
>LUMO (0.43) 

 
23884 419 0.2763 

H-1->LUMO (0.12), H-1->L+1 (0.33), HOMO->L+1 
(-0.15) 

 
25143 398 0.3857 

H-4->L+1 (-0.13), H-1->L+1 (0.31), HOMO->L+2 (-
0.12) 

 25906 386 0.4086 H-4->L+1 (0.48), H-2->L+1 (0.12) 
     
(0.Ni)3 13762 727 0.0483 HOMO->LUMO (0.76) 
 

17988 556 0.051 
H-4->LUMO (0.25), H-2->LUMO (0.12), H-1-
>LUMO (0.35) 

 
23910 418 0.3157 

H-1->LUMO (0.13), H-1->L+1 (0.24), HOMO->L+1 
(-0.16) 

 
24195 413 0.0256 

H-16->L+7 (-0.20), H-8->L+7 (-0.21), HOMO->L+7 
(0.11) 

 
24994 400 0.2762 

H-4->L+1 (-0.12), H-1->L+1 (0.35), HOMO->L+2 
(0.16) 

 25844 387 0.4227 H-4->L+1 (0.43), H-2->L+1 (0.14) 
     
 

 



208 
 

  



209 
 

 

Appendix 4 

 

Emission Spectra 

 

A4.1 Chapter 3 Porphyrins (2nd Series) 
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Appendix 5 

 

Perspective Diagrams of Ni(2) and Ni(3) 

 

Ni(2) 
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Ni(3) 
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Appendix 6 

 

Calculated Potential Energy Surfaces 

 

A4.1 P199 

 

 

 

 


