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Abstract 

Research in photosynthesis encompasses a wide array of complex and interconnected 

processes, requiring the incorporation of concepts from physics, chemistry and 

biology.  

 

This thesis contributes to the understanding of photosynthesis by using low 

temperature optical spectroscopy to study Photosystem II (PSII) and Photosystem I 

(PSI). These two catalytic protein complexes are responsible for splitting water to 

provide electrons for the photosynthetic process, and transferring these electrons 

across the thylakoid membrane, respectively 

 

These enzyme complexes provide a particular challenge for optical spectroscopy as 

they contain large numbers of chromophores with overlapping absorption bands, 

which require a combination of optical techniques to separate out. In this work, the 

techniques of absorption, fluorescence, Circular Dichroism (CD), Magnetic Circular 

Dichroism and electrochromism have been used to study these enzymes. 

 

This thesis has two main themes: the direct observation of the optical spectroscopic 

properties of the Oxygen Evolving Complex (OEC) in Photosystem II (Publications 1 and 

4) and the location of far-red absorbing chlorophylls in PSII and PSI of a red-light 

adapted cyanobacterium (Publication 2 and 3) 

 

The OEC of PSII is the tetramanganese cluster where electrons are extracted in a 

stepwise fashion from water, resulting in the release of oxygen. In this process, the 

cluster passes through four metastable S-states. In Publication 1, variable temperature 

and variable field (VTVH) MCD is used as a tool to identify the spectrum of each S-state 

in an optically transparent window in the region of 720-800nm. 

 

Low temperature MCD spectra of this region shows a series of sharp peaks that are S-

state dependent. These features were assigned to a series of Mn(IV) 4A -> 2E “spin 
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flip” transitions. These spectra and their associated assignments provide a new 

perspective on the electronic and magnetic structure of the OEC. 

 

Publication 4 follows on from 1, focusing on the two sub-forms of the S2 state of the 

OEC. A combination of EPR and MCD enables the identification of these two states as 

being redox isomers and give insight into the mechanisms of water oxidation. 

 

Chroocooccidiopsis thermalis is an extremophile cyanobacteria that can grow in hot 

and dry conditions. When grown under red-light conditions, this cyanobacteria can 

produce red absorbing chlorophylls d and f, along with chlorophyll a.  

 

In Publication 2, using a range of biophysical techniques, including low temperature 

optical spectroscopy, we clearly establish that these red absorbing chlorophylls play a 

key role in both PSI and PSII and are not just as long wavelength light harvesting 

pigments as previously reported. Specifically, charge separation in PSI uses chlorophyll 

f at 745nm and PSII uses chlorophyll d or f at ~727nm. The organism is shown to be 

able to perform photosynthesis with lower energy light than previously thought 

possible. 

 

Publication 3 is an extension of Publication 2 where the location and function of the 

red absorbing chlorophyll at ~727nm of PSII in C.thermalis is further investigated. 

Modelling of low temperature spectroscopic data, CD and electrochromism in 

particular, yields more information about the location of this pigment within the PSII 

complex. Previously, ChlD1 was assigned as the most likely candidate for the primary 

donor. However, the analysis in Publication 3 favours PD2 as the primary donor. This 

unexpected result requires further experimentation and calculational studies to 

verify. 

 

This thesis shows the strength of applying multiple spectroscopy techniques to 

complex biological systems and how such data can be used to extract information 

about both the structure and function of these proteins. 
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1.1 Overview of Oxygenic Photosynthesis: 

The evolution of oxygenic photosynthesis profoundly changed the planet leading to 

the development of multicellular life and an oxygen atmosphere. The key enzyme 

complexes behind the light driven process are Photosystem I and II. These enzyme 

complexes efficiently convert light into chemical energy using common metallic 

elements as catalysts. If this process could be artificially replicated then it could 

provide a reliable supply of clean energy.  

 

Photosystem II is responsible nearly all the oxygen atmosphere and the evolution of 

complex multicellular life. Oxygenic photosynthesis first evolved in cyanobacteria. In 

organisms such as plants and seaweed photosynthesis occurs in organelles known as 

chloroplasts. These organelles were originally cyanobacteria that were absorbed by a 

larger eukaryotic cell and eventually full incorporated into it. This process is known as 

endosymbiosis and is covered in more detail in Section 1.5. 

 

While the general processes behind photosynthesis are well understood, delving into 

the details provides abundant topics for ongoing research. Of particular interest is the 

precise mechanism involved in splitting water in Photosystem II. 

 

Figure 1.1: overview of the light dependent reactions in oxygenic photosynthesising organisms. 

Adapted from the diagram in [1]. Light harvesting proteins omitted for clarity 
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Figure 1.1 shows an overview of the key chemical reactions involved in the light driven 

process. Photosystem II extracts electrons from water via a four-step process, with 

one electron extracted for every photon absorbed. This reaction is catalysed by the 

Oxygen Evolving Complex (OEC), a cluster of four manganese ions. 

 

2H2O → 4e- + 4H+ + O2 

 

This process occurs with high quantum efficiency, close to 100% for visible light 

shorter than 700nm [2]. The electrons extracted from water are used to reduce 

plastoquinone (PQ) to plastoquinol (PQH2), which is then re-oxidised by cytochrome 

b6f. Those electrons are then transferred to Photosystem I via plastocyanin.  

 

PSI then re-excites these electrons to Ferredoxin, which in turn transferred that 

electron to Ferredoxin-NADP Reductase. The proton gradient generated during this 

process powers ATP synthase. The ATP and NADPH generated can then be used to in 

the carbon fixation (ie the Calvin cycle). PSI together with Cytochrome b6f can also 

undergo cyclic electron reactions to produce ATP without PSII. This notably occurs in 

some nitrogen fixing cyanobacteria. 

 

The fundamental processes involved in oxygenic photosynthesis are highly conserved 

between different organisms. When significant deviations from the “normal” process 

are discovered, they are of great interest.  

 

1.2 Structure and function of Photosystem II 

The X-ray crystallography structures of PSII and PSI derived from thermophilic 

cyanobacteria [3, 4] and red algae [5, 6] have been reported.  

 

The smallest unit of Photosystem II that is still capable of evolving oxygen is referred 

to at the PSII core, weighing in at 350kDa. The crystal structure of the core from 

cyanobacteria is shown in Figure 1.2 with key cofactors highlighted. 
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The PSII core consists of the two central reaction centre proteins D1, D2 and 

cytochrome b559, the antenna complexes CP43 and CP47, and the OEC stabilising 

proteins, including cytochrome c550 in most organisms. In total, the complex contains 

35-36 chlorophylls, 2 pheophytin, 11 carotenoids, 1-2 cytochromes and the OEC. The 

structure and function of the pigments are covered in section 1.4. 

 

The overall structure and function of the PSII core is highly conserved across 

organisms. One notable difference is the “extrinsic proteins” on the lumen side of the 

membrane shown in Figure 1.1. Higher plants lack the PsbV subunit that contains 

cytochrome c550.  

 

Figure 1.2: Diagram of the PSII core from cyanobacteria, based on the crystal structure from Loll et al 

(2005)[7]. Chlorophylls and carotenoids in the antenna are excluded for clarity. 

 

1.2.1 Electron transport in Photosystem II 

The primary donor is known as P680, which represents four interacting chlorophylls, 

PD1, PD2, ChlD1 and ChlD2 [8]. Electron is transferred up to a plastoquinone molecule 

(QA), then across to another plastoquinone (QB) that is loosely bound to the PSII 

complex. Once QB is reduced twice, it can detach from PSII and migrate through the 

thylakoid membrane to cytochrome b6f. 
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P680+ then extracts an electron from the OEC, which in turn extracts an electron from 

a molecule of water. To produce one molecule of oxygen the OEC cycles through four 

stable intermediate states known as S-states. When kept in the dark the OEC rolls back 

to the S1 state.  

 

P680 is named for the bleach that appears in the electrochromic spectrum that appear 

upon the formation of the radical. P680+ has an estimated redox potential up to +1.2V 

which is the highest of any system known in nature. This high potential is required in 

order to remove electrons from water. This high potential means there is the 

likelihood that electrons could extracted from elsewhere, resulting in damage to the 

complex. Chlorophylls in the antennas are close enough to transfer excitation to P680 

but far away enough to minimise the potential for electrons to be extracted from 

those chlorophylls rather than the OEC. 

 

 

Figure 1.3, the S-state cycle. From Krewald et al. 2015 [9] 

 

In plants, green algae and red algae the membrane the reaction centre is surrounded 

by light harvesting complexes (LHCs) that funnel and regulate light to the reaction 

centres (Figure 1.4). LHCII can also move between PSII and PSI reaction centres, 

balancing the relative amount of light that reaches both centres. 
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Figure 1.4: One of the possible arrangements of plant Photosystem II subunits and associated light 

harvesting complexes as seen from the stromal side. Derived from diagram in [10] 

 

In plants there are a diverse number of small LHCs associated with the reaction 

centres, as well as the larger LHCII trimers. The structure of the LHCII complex changes 

under different light conditions to favour different pathways [11]. 

 

Under high light conditions the role of the LHCs switches from light harvesting to 

photoprotection. Instead of the excitation being transferred from chlorophyll to 

chlorophyll into the PSII reaction centre it is instead transferred to a carotenoid and 

dissipated as heat via a process known as Non Photochemical Quenching (NPQ). This 

process prevents the formation of long-lived chlorophyll triplet excited state which in 

turn can lead to the formation of highly reactive singlet oxygen species.  

 

1.2.2 The oxygen evolving complex 

The Shen et al (2011) crystal structure at 1.8A revealed the general structure of the 

OEC in the S1 state as given in Figure 1.5 below. The cluster self assembles in the cavity 

from free Mn(II) ions when PSII apo-protein is exposed to light.  
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Mn1,2 and 3 form a cubane like structure along with a calcium atom with Mn4 

referred to as the “dangler” because of its more exposed position. This configuration 

is flexible, changing its configuration over the course of the cycle.  

 

All the Mn atoms are fully ligated with oxygen, the exception being Mn 1 which is 

bound to the histidine residue. As indicated in Figure 1.3 there has been a long 

standing debate as to the oxidation states of the Mn ions of the cluster in all S-states. 

This is described in terms of two models: the low oxidation state and high oxidation 

state paradigms. [9] 

 

As well as cycling between different S-states, the OEC can adopt slightly different 

configurations in a given S-state. This slight change in geometry results in a difference 

in electronic structure that can be measure using various spectroscopy. 
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Figure 1.5: Structure of the OEC as a simplified cartoon (A) and based on the crystal structure (B). The 

ligands around each individual Manganese atom are shown as (C). 

 

Figure 1.5 shows each stage of the cycle. In thermophiles such a T. vulcanus the half-

life of the other S-states is on the order of minutes, with the exemption of the 

transitional S4 state. In theory a series of pulsed bursts from a laser can be used to set 

the sample into a particular S-state, and then the sample can be quickly frozen to lock 

the OEC into that configuration. 

 

In practice there are always a number of “misses”, especially in isolated samples. The 

further along in the cycle the smaller the proportion in that state. The yield of S2 using 

A, B, 

C, 
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this method was >80%, however the proportion of S3 in the sample that had been 

flashed twice was usually 20-40%. 

 

When frozen samples are illuminated the electron extracted from P680 transfers to 

QA and remains there. This movement of charge slightly shifts the absorption of 

nearby pigments. It is important to control the level of light used in measurement so 

that the spectra does not detectably change during the course of a scan. Changes in 

the spectrum before and after intense illumination can be used to study the 

chromophores in the centre of the complex and their role in charge separation. See 

Section 2.3. 

 

1.3 Structure and function of Photosystem I 

While the central focus of this work is on the Photosystem II complex, when studying 

one photosystem it is often necessary to do parallel experiments on both as there is 

often a measurable level of one contaminating samples of the other. 

 

The crystal structure trimeric PSI core from T.elongatus shows 96 chlorophyll per 

complex[12] (Figure 1.6). The number per centre varies depending on the species and 

on the preparation. Also shown are the iron-sulphur clusters (Fex, Fea and Feb)  

 

Light is transferred to central pair of chlorophylls that form P700. From there the 

excited electron is transferred up to the iron-sulphur clusters, then to ferredoxin and 

onto NADPH reductase. P700+ can then extract an electron from plastocyanin.  

 

The P700+ radical can be quite stable at room temperature and for some experiments 

the sample must be chemically reduced to remove it. At low temperatures the 

electron extracted from P700 remains on one of the iron-sulphur clusters. As with PSII, 

illumination of the sample at low temperature allows us to measure an electrochromic 

shift spectrum. 
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Figure 1.6: Diagram of the PSII core from cyanobacteria, based on the crystal structure from Jordan et 

al [4]. Carotenoids and antenna chlorophylls excluded for clarity. 

 

 

 

Figure 1.7: Arrangement of the PSI trimer seen in cyanobacteria, and monomeric PSI from plants with 

associated light harvesting complexes as seen from the stromal side. 
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1.4 Pigments of the reaction centres of photosynthesis 

The twin enzyme complexes Photosystem II and Photosystem I present a unique 

challenge for optical spectroscopists. Using light to study light-powered enzymes 

allows us to directly probe the underlying mechanisms.  

 

Both complexes contain a large number of pigment cofactors with overlapping 

absorption bands. This requires us to use multiple techniques to pull apart the spectra. 

As these systems are highly sensitive to light the amount of light used has to be 

carefully managed and the experimental system has to be optimised for these 

experiments. 

 

1.4.1 Chlorophylls 

The key chromophores in photosynthesis are the chlorophylls. These versatile 

molecules are involved in both light harvesting and charge separation. Chlorophyll a 

is the most abundant chlorophyll in most organisms, and usually the only one found 

in the PSI and PSII reaction centres. Isolated chlorophyll a in dry ether has a strong 

absorption peak at 665nm. This gives chlorophyll its characteristic green colour.  

 

The position of the absorption peaks are modified by the environment surrounding 

the chlorophyll. When a chlorophyll absorbs a photon it can transfer that excitation to 

another chlorophyll via a process known as Förster energy transfer. A chlorophyll that 

absorbs at higher energy transfers the excitation to a lower energy chlorophyll, with 

the energy difference lost as heat. In the enzyme complexes the chlorophylls are 

arranged in order to funnel energy into the reaction centres of the photosystems 

where the chemistry occurs. 

 

It is also possible for lower energy chlorophylls to transfer energy “uphill” with thermal 

energy making up the difference. Statistically this transfer is mostly one way, but is 

relevant to discussions about PSI which has antenna chlorophylls absorbing at longer 

wavelengths. 
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Figure 1.8 shows the structures of the other three chlorophylls relevant to this thesis. 

They all differ from chlorophyll a by only one functional group.  

 

 

Figure 1.8: Comparison of the different types of chlorophyll relevant to this work. 

 

Chlorophyll a has strong absorption bands in the blue and red regions of the spectrum, 

resulting in its distinctive green colour. Organisms can use other pigments to bridge 

this absorption gap under low light conditions, for example chlorophyll b and c which 

both have Q-bands further to the blue than chlorophyll a.  

 

Chlorophyll b is found in green algae and higher plants, typically within the light 

harvesting complexes (LHCs) that are small transmembrane proteins associated with 

PSI and PSII. Plants produce a diverse variety of LHCs which also contain chlorophyll b 

and carotenoids.  

 

Chlorophyll c (not shown) lacks the phytyl chain. It is commonly found in the brown 

algae such as kelp. Like chlorophyll b it is used primarily as a light harvesting pigment. 
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In contrast chlorophyll d and chlorophyll f both have absorption maxima further to the 

red. Chlorophyll f was first reported in 2010, it was first isolated from cyanobacteria 

growing underneath stromatelites. It has since been found in numerous different 

strains of cyanobacteria. The existence of chlorophyll e had earlier been reported but 

the molecule has yet to be properly characterised. 

 

In most organisms chlorophyll a is the only chlorophyll in the PSI and PSII core 

complexes. Other chlorophylls are found in antenna complexes. The notable 

exemption is the marine cyanobacteria Acaryochlorous marina, where PSI and PSII 

contain almost entirely chlorophyll d, with at least one chlorophyll a in each enzyme 

complex.  

 

Another exemption is studied in this work. When grown under low light conditions the 

cyanobacteria Chrococcidiopis thermalis incorporates chlorophyll f into PSII and PSI, 

as well as one molecule of chlorophyll d in PSII. While mass spectrometry could show 

those chlorophylls were in the enzyme complexes, optical spectroscopy was needed 

to determine the role these chlorophylls.  

 

While not strictly chlorophylls, pheophytin molecules - chlorophylls without the Mg2+ 

ion stabilising the ring – are also important components of the electron transfer 

pathway in photosynthetic reaction centres. It is more easily reduced than chlorophyll 

which allows it to act as an electron acceptor in the PSII reaction centre. 

 

1.4.2 Other pigments 

Other pigments found in photosynthetic reaction centres are involved in light 

harvesting and in photoprotection. Two important categories of pigments are the 

carotenoids, molecules with a long series of conjugated bonds, and open chain 

tetrapyrroles known as phycobilins.  

 

Carotenoid molecules such as β-carotene, lutein and zeaxanthin are another pigment 

found in PSI, PSII and its associated light harvesting complexes. They are able to absorb 



Chapter 1: Introduction to Photosynthesis  14 
 

 

light and transfer energy to the chlorophylls. They also play an important role in 

photoprotection.  

 

Figure 1.9 Structure of β-carotene 

 

Phycobilins play a vital role in light harvesting in cyanobacteria and are also used by 

red algae which gives many species their characteristic colour. They are sythesised by 

opening up the ring of heme molecules by a specialised enzyme. Phycobilins are 

arranged in large protein complexes known as phycobilisomes that sit above the 

photosynthetic complexes, as shown in Figure 1.11 with three different forms of 

phycobilisome. 

 

Phycobilisomes containing higher energy phycobilins are at the edge of the 

supercomplex funnel energy to lower energy phycobilins and then onto the 

chlorophylls in the photosystems. 

 

 

Figure 1.10: Structure of phychocyanobilin, a blue pigment found in phycobilisomes. 



Chapter 1: Introduction to Photosynthesis  15 
 

 

 

 

Figure 1.11: One possible arrangement of phycobilisomes above the PSII and PSI core complexes, based 

on an example from [13] 

 

Cytochromes are heme containing proteins that are typically involved in electron 

transport and redox reactions. The optical properties of the cytochromes change 

dramatically depending on the oxidation state of the heme.  

 

There are two different cytochromes in the PSII core. The b559 subunit is necessary for 

the assembly of the complex and is also involved in secondary electron transfer 

pathways.  

Figure 1.12: Structure of the reduced heme molecules inside the cytochrome. 

 

The precise role of cytochrome c550 is unclear, it is not essential for PSII to function 

as it is not found in the PSII cores of land plants [14] Heme c is bound to the protein 

via two thioether bonds formed at the location of the sulphurs shown.  
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1.5 The evolution of photosynthesis 

Life on earth is divided up into three domains, bacteria, archaea, and eukaryotes. 

Bacteria are an ancient and highly diverse domain of organisms that are either singled 

celled or grow in colonies with some specialisation of cells. Eukaryotes include most 

multicellular lifeforms (plants, animals, fungi and macroalgae), as well as a diverse 

array of single celled organisms.  

 

Atmospheric oxygen level were low until approximately 2.4 billion years ago [15]. 

Numerous other bacteria use bacteriochlorophylls which are structurally similar to 

chlorophyll. These bacteria don’t produce oxygen, instead the harvest light to power 

cyclic electron reactions. These bacteria contain enzyme complexes that resemble PS 

I and PS II, known as Reaction Centre I (RCI) and Reaction Centre II (RCII). These 

bacteria can contain either one of both of these complexes.  

 

While RC I and II may appear to be “ancestral” forms of Photosystems I and II, more 

comprehensive analysis [15] has shown this is likely not the case. RCII notably lacks 

the ability to split water, instead driving cyclic electron reactions. 

 

Eukaryotes were able to use the oxygen in the environment in respiration. At some 

point a eukaryotic cell absorbed a cyanobacteria, and incorporated the smaller cell 

into itself rather than digesting it. The cyanobacteria eventually became an organelle. 

 

This cell was the ancestor of the group Archaeplastida which branched into three main 

divisions. Viridiplantae, which includes green algae and land plants. Rhodophyta, the 

red algae. And glaucophyta, a group of small simple algae. 

 

Secondary endosymbiosis events occurred when the chloroplasts in one species were 

incorporated into another. This event happened numerous times, resulting in 

chloroplasts having a different evolutionary relationship to the rest of the organism 

that contains it. Most photosynthetic eukaryotes have chloroplasts derived from one 

of two “linages”, those derived from red algae and those from green algae. [16] 
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Some of the organisms studied in this work are extremophiles, growing in 

environments considered too harsh for most other lifeforms. For example 

environments with high temperatures (>45°C), low pH, only trace amounts of water 

and low light levels.  

 

The core complexes extracted from extremophiles are far more robust than those 

derived from organisms growing in more ambient conditions. This allows the samples 

to be more easily purified and potentially crystalised. At room temperature the S-

states of PSII derived from thermophiles are far longer lived than PSII from other 

organisms. For instance the S2 state of PSII derived from T.vulcanus has a half-life on 

the order of 10 minutes, compared to that from spinach which decays in a matter of 

seconds. 

 

 

 

Figure 1.13: Simplified evolutionary relationship between cyanobactera and eukaryotic photosynthetic 

organisms. The species mentioned in this work are listed in italics. 
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1.5.1 Organisms mentioned in this work 

Section 3.3.1 details the samples that were used. Thermosyneccocus vulcanus and 

related strain T. elongatus are thermophilic cyanobacteria found growing in volcanic 

hotsprings in Japan. The PSII cores extracted from T.vulcanus are significantly more 

stable than that from land plants, allowing the complex to survive being crystalised. 

The samples used in this work are from the same research group that reported the 

structures in [3, 4], though the crystallisation step was considered unnecessary for 

these experiments.  

 

Cyanidioschyzon merolae is a single celled thermophilic red algae also found growing 

in volcanic hot springs. It is one of the smallest and simplest known eukaryotes. It and 

related red algae [5] are of significant interest as they can be used to produce PSII core 

samples robust enough to be crystalised. Spectroscopy of this organism was carried 

out by Julien Langley and published in [17]. 

 

Chrococcidiopis thermalis is a cyanobacteria that can be found growing under rocks in 

deserts. Like other extremophiles, its ability to survive in hot dry conditions results in 

more durable photosystem samples. Under low light conditions C.thermalis and many 

other cyanobacteria produce chlorophyll d and chlorophyll f alongside chlorophyll a. 

 

Work was also done on organisms that grow in significantly less extreme conditions. 

Spinach (Spinacia oleracea) is one of the land plants commonly used in photosynthetic 

research. It can produce PSII core samples with no measurable amount of PSI 

contamination if grown under the right conditions [18]. CP43, CP47 and Reaction 

Centre samples have all been prepared from spinach. 

 

Synechocystis sp PCC 6803 is another cyanobacteria that is commonly used as a model 

organism [19]. It can be found growing in warm fresh water.  

 

Acaryochlorous marina is a cyanobacteria first found growing underneath sea squirts 

[20]. It is highly notable because it contains mostly chlorophyll d with only a 

comparatively small amount of chlorophyll a.
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2.1 Low temperature spectroscopy 

In this section I will cover the theoretical background of the work in this thesis. The 

primary tool used to study Photosystem I and II is low temperature optical 

spectroscopy. This was complemented by with Electron Paramagnetic Resonance, 

which is briefly described in Section 2. 

 

While the photosystem complexes from many organisms have been studied by means 

of x-ray crystallography, this technique has some significant limitations. Optical and 

EPR spectroscopy enable a wider range of samples to be studied, not just proteins that 

would survive the crystallisation process. 

 

The spectra reported in this thesis were typically measured at either 1.8K using liquid 

helium as a coolant, or at 77K using liquid nitrogen, but the spectrometer described in 

section 3 can also be used at room temperature.  

 

Measuring optical spectra at low temperature has several advantages. These include 

narrowing of linewidths, which is explained in detail in section 2.1.2. Low 

temperatures prevent chemical reactions from occurring, particularly important for 

light sensitive compounds such as the photosystems. Freezing the samples 

also enables the study of intermediate states. For experiments involving Photosystem 

II the same sample can be poised in different S-states and then frozen before relaxing 

back.  

 

Low temperatures also stabilise charge separated species. As discussed in Chapter 1, 

charge separation occurs in both photosystem I and II. In frozen samples, a mobile 

acceptor is not able to transfer the electron away from the protein complex. Changes 

induced by low temperature illumination can be reversed by annealing the sample at 

room temperature. 

 

Samples studied by optical spectroscopy can be maintained in a wider variety of 

chemical environments. These techniques can also be non-damaging to the sample. 
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For low temperature measurements the same sample can be recycled between 

experiments with only minor degradation with use of the right cryoprotectant.  

 

Low temperature optical spectroscopy also comes with several technical challenges, 

as described in Chapter 3. These low temperature experiments require either solid 

state samples or liquids that form a transparent glass upon cooling.  

 

Absorption of light by a molecule occurs when the electric field of the UV-vis light 

interacts with electrons of the molecule.  The electrons are promoted from a resting 

ground state to an excited state (Figure 2.1). Electronic transitions in organic 

molecules typically involve s, n and p electrons. Inorganic molecules typically have d-

d transitions, ligand-to-metal charge transfer (LMCT) transitions, and metal-to-ligand 

charge transfer (MLCT) transitions. 

 

The photosynthetic systems investigated in this thesis comprise organic pigment-

protein complexes with metals in their active centres. Thus, all these types of 

transitions are observed. Of particular note are the p→p* transitions seen in 

chlorophyll and the d-d spin flips observed in the oxygen evolving centre (OEC) of 

photosystem II. The spectroscopy of chlorophyll is discussed further in section 2.2.1 

below. “d-d spin flips” are described in section 2.2.3, paper 1 and its supplementary 

information. 

 

The absorbance of a sample is given by the simple Beer-Lambert law. 

 

A = ɛcl. 

Equation 1. 

Where A is the absorbance, ɛ is the molar extinction coefficient (L mol- cm-), c is the 

concentration (mol L-) and l is the path length in cm.  

 

Once a molecule has absorbed a photon of light there are a number of processes that 

can follow: 
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(I) The molecule can relax back to the ground state, releasing a photon as 

fluorescence. 

 

(II) The absorbed energy can be dissipated as heat. This occurs if there are one or more 

relaxation pathways. If there are intermediate states can prevent fluorescence by 

providing alternative pathways for de-excitation, the process known as fluorescence 

quenching. 

 

(III) The absorbed light provides the energy to drive a chemical reaction. 

 

(IV) The excitation energy can be transferred to another molecule. The process known 

as Forster resonance energy transfer. This is the mechanism by which light energy can 

be harvested in photosynthetic systems. Chlorophylls on the periphery of the protein 

complex absorb at higher energy and funnel the excitation energy to the red shifted 

chlorophyll in the reaction centre. 

 

 
 
Figure 2.1: Potential energy diagram of a single chromophore. Each electronic transition is coupled to 

a number of vibrational modes. See figure 2.12 A for corresponding absorption spectra. 
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Electronic transitions occur through the coupling of the electromagnetic field to the 

transition dipole moment. Whether or not a transition occurs is given by the transition 

moment integral:  

 

∫ 𝜓1𝝁𝜓0𝑑𝜏 

Equation 2. 

 

Where Ψ0 and Ψ 1 are the wavefunctions of the ground and excited states (Figure 2.1), 

respectively; and µ is the dipole operator.  It is not necessary to evaluate the integral 

to determine if a transition takes place. We only need to determine if the direct 

product of the functions forming the integrand is symmetric or antisymmetric (even 

or odd) with respect to the point group to which the molecule belongs. µ is an odd 

function. If Ψ0 and Ψ1 have the same symmetry, the integrand will be odd and the 

integral zero. However, if they have different symmetries, the integral will be non-

zero. 

 

2.1.1 Selection rules 

The role of the symmetry (or parity, as it is often known) of a wavefunction leads to 

an important selection rule called the Laporte selection rule:  transitions in 

centrosymmetric molecules can only occur between states of different parity.  States 

with even parity are labelled “g” gerade, German for “even”; whilst states with odd 

parity are labelled “u” ungerade, German for odd.  Thus, only transitions that involve 

a g→u or u→g transitions are allowed.  This automatically forbids transitions within 

one type of orbital i.e. s→s, p→p, d→d, as such transitions will not involve a change 

in parity. Similarly, there is the spin selection rule, which states that for a transition to 

take place, the total spin must not change, i.e. Δs=0. 

 

These selection rules can all be broken, enabling nominally forbidden transitions to 

become at least partially allowed. d-d transitions are frequently observed, for 

example.  The Laporte selection rule can be relaxed through a distortion of some kind 

so that the molecule no longer has its centre of symmetry. This distortion may be 



Chapter 2: Theoretical Background  24 
 

 

induced by the environment the molecule is in, or the electronic transition may couple 

with an asymmetric vibration that causes a temporary distortion of the molecule. This 

latter mechanism is called vibronic coupling. Spin forbidden transitions may become 

partially allowed through spin-orbit coupling. Here, the magnetic fields created by the 

spin and orbital motions of the electrons couple with each other, enabling spin-

forbidden transitions to take place. 

 

2.1.2  Spectral line widths 

The absorption spectrum of a single chromophore consists of an electronic origin, a 

series of vibrational sidelines, and phonon wings, shown below in fig 2.2. 

 

Phonons are low frequency vibrations within the lattice of ordered systems.  

While proteins frozen within a water/cryoprotectant glass mixture are not crystals, 

some short-range ordering still occurs.  

 

 
Figure 2.2: Hypothetical low temperature spectrum of a single chromophore (A) and a large population 

of chromophores (B). Adapted from diagram by Hughes (2007)[21] 
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The optical linewidth of the electronic origin is given by the so-called homogeneous 

linewidth, which is determined by the lifetime of the excited state and the influence 

of the local environment 

 

The equation for the minimum homogeneous linewidth, Γhom, is shown below, where 

Γhom is the homogeneous linewidth given in Hz and T2 is the total relaxation time given 

in seconds. [22] 

 

Γℎ𝑜𝑚 =
1

𝜋𝑇2
 

Equation 3.1. 

T2 has temperature dependent (T1) and independent (T2
*) components. 

 
1

𝑇2
=

1

2𝑇1
+

1

𝑇2
∗  

Equation 3.2. 

T2* is the phase relaxation time, which decreases with increasing temperature. 

Dephasing is due to fluctuations in the local environment leading to small changes in 

the excitation energy. 

 

T1 is the temperature independent component, based on the radiative (fluorescence) 

and non-radiative (heat dissipation and other mechanisms) lifetime.  

 

1

𝑇1
=

1

𝑇1𝑟𝑎𝑑
+  

1

𝑇1𝑛𝑟𝑎𝑑
 

Equation 3.3 

Thus, the lowest excited state in a system often has the longest lifetime and 

subsequently the narrowest band as it has the fewest relaxation pathways. Vibrational 

sidelines have a shorter lifetime, as they have both radiative and non-radiative 

relaxation pathway. Generally, the more decay pathways a system has, the shorter 

the lifetime and subsequently the broader the band. 

 

Inhomogeneous broadening is the broadening of spectral lines that occurs as a result 

of a population of chromophores being in slightly different local environments. For 
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instance, proteins will have slightly different conformations when frozen which also 

contributes to inhomogeneous broadening. Inhomogeneous broadening is more 

significant in an amorphous glass than in a ordered crystal, as the orientation of 

molecules is more variable. [23] 

 

Pigments bound to different sites within the protein form distinct subpopulations 

whose spectra can be buried under the inhomogeneous broadening. This effect is 

sometimes known as heterogeneous broadening [24].  

 

These different local environments shift the transition energies of the pigments by 

small amounts.  In an amorphous host material, pigment transition energies have a 

Gaussian distribution that renders spectral features broad and featureless. 

 

Selective spectroscopy techniques such as fluorescence line-narrowing and spectral 

hole burning can be used to study subpopulations within homogeneously broadened 

bands. These techniques can be used to distinguish between homogeneous and 

inhomogeneous broadening and determine homogeneous linewidths.  

 

2.2.1  Spectroscopy of chlorophyll 

Chlorophyll absorption is modelled as a four-level system, based upon the Gouterman 

four orbital model [25]. There are two sets of π → π* transitions that result absorption 

in the visible region: the B-bands, also known as Soret bands, that absorb in the blue-

near UV region; and  the Q transitions that absorb in the red. The asymmetry of the 

molecule splits each transition in two components polarised in the x and y directions 

as shown on the structure in Figure 2.3. [26] 
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Figure 2.3, Structure of chlorophyll a and its absorption spectrum at 150K in dry diethyl ether. Data 

provided by Elmars Krausz. 

 

The spectrum shown in figure 2.3 is for chlorophyll a in dry ether. However, in 

proteins, the transition energy of the absorption of chlorophyll is modified by the 

protein environment, leading to a distribution of absorption bands and relatively 

broad and featureless spectra for pigment-protein complexes, as can be seen in 

section 2.2.2 below. 

 

Furthermore, in some pigment-protein complexes, there are other asymmetric 

porphyrins such as pheophytins and hemes.  The spectroscopy of these pigments 

can also be understood with the Gouterman four orbital model, but the transitions 

are at different energies from those of chlorophyll. 

 



Chapter 2: Theoretical Background  28 
 

 

2.2.2  Optical Spectroscopy of Photosystems I and II 

The absorption spectrum of PSII derived from T.vulcanus is shown in Figure 2.4. It 

shows the numerous overlapping absorption bands from the different 

chromophores in PSII as well as measurable (~1%) contamination from PSI. 

 

 
Figure 2.4: Overview of the optical absorption spectrum of isolated PSII cores derived from 
T.vulcanus at 1.8K. Spectrum originally published in [27] 

 

Plant PSII lacks cytochrome c550, and samples often show absorption bands at around 

680nm from light harvesting complexes. 

 

When reduced the cytochromes have an absorption peak at around 560nm. Adjacent 

to these bands is a Qx transition from pheophytin. Upon illumination the cytochrome 

bands weaken as some of them are oxidised, while the pheophytin transition shifts. 

 

The low Optical Density (OD) of this region means it can be measured even in highly 

concentrated samples. It is typically measured in experiments also looking at the far-

red region in order to check the quality of the sample. 

 

The PSII deep red state (DRS) is a weak charge transfer band that extends out to 

730nm at low temperatures. An equivalent band in PSI extends further out to 800nm. 

 



Chapter 2: Theoretical Background  29 
 

 

It was observed in EPR experiments that illumination between 720 - 820nm lead to 

changes in the structure of the OEC. As this goes beyond the absorption of the 

chlorophylls, it was concluded that this was due to direct excitation of the OEC. 

 

Photosystem I shows considerable variation in its absorption spectrum depending on 

the species and sample preparation, as shown in Figure 2.5. Even species that contain 

only chlorophyll a show highly variable absorption bands into the near IR. 

 

In both T.vulcanus [28] and Arthrospira platensis [29] the furthest red absorption in 

trimers is from a pair of chlorophylls located between the PSI units. This absorption 

band is lost when the complex is broken up into monomers. In land plants the furthest 

red chlorophylls are located in the small LHCs arranged around the complex, located 

between the LHCs and the PSI unit. See figure 1.7. 

 

In highly concentrated samples it is possible to observe at weak absorption band at 

810nm from the P700+⦁ radical.[27] 
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Figure 2.5: Comparison of the absorption spectra of PSI from different species. Data for A.marina 

measured by Elmars Krausz and Sindra Paterson. Based on the design of the diagram from Gobets and 

van Grondelle (2001).[30] 

 

2.2.3  “d-d spin flip” transitions 

As the name suggests, a spin flip transition is one where a spin ‘flips’ direction from 

spin up to spin down, or vice versa within a single orbital configuration.  Since such a 

transition involves a change in total spin, they are spin forbidden, but have been 

known to become allowed through spin-orbit coupling.[31] The intensity of such 

transitions can be further enhanced in dimers (or larger clusters) if a spin on another 

metal centre within the cluster simultaneously changes spin such that the total spin 

remains Δs=0 [32]. See Paper 1 and its supplementary information for further 

discussion of this subject. 
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2.3  Electrochromism 

As described in sections 1.2 and 1.3, PSII and PSI can form stable, separated charges 

when illuminated at low temperature.  The absorption bands of pigments near the 

photoinduced charges shift slightly because of the interaction between the transition 

dipole and the electric field from nearby charge. Furthermore, the radical species have 

very different absorption spectra from those of the neutral species, leading to spectral 

bleaches where they used to absorb. Although these spectral changes are small, they 

are readily measurable through taking absorption spectra before and after 

illumination and subtracting the spectrum before illumination from that after 

illumination.  This results in an absorption difference or electrochromism spectrum. 

The process is depicted in Figure 2.6 below. 

 

 
Figure 2.6 Change observed in the absorption spectrum due to the movement of an electron. 

 

Electrochromism can be used to study the pigments in the centre of PSI and PSII 

complexes and their role in charge separation. The magnitude and direction of the 

electrochromic shift of a given pigment is determined by its distance from the 

photogenerated charge(s) and the relative orientation of its change in static dipole 

moment between ground and excited state. With the help of simulations, 
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electrochromic spectra can be used to assign absorption wavelengths to particular 

pigments based on their location and orientation relative to the charged species. 

 

Of particular interest in this thesis is the cyanobacterium C. thermalis, which, when 

grown under red light, replaces some of the chlorophyll a molecules in PSI and PSII 

with the more red-absorbing chlorophylls d and f. These can be seen clearly in their 

absorption spectra. Electrochromism is a technique that we have used successfully to 

identify which chlorophylls are substituted. 

 

2.4.1 Circular Dichroism and Magnetic Circular Dichroism. 

As stated earlier, light is an electromagnetic wave. The electric and magnetic fields 

oscillate perpendicular to one another and to the direction in which the light is 

propagating. When the electric field oscillates in a fixed plane then the light is said to 

be linearly polarised. If instead the electric field rotates around the propagation 

direction the light is circularly polarised, in spectroscopy, circularly polarised light is 

right-handed if the electric field rotates clockwise when viewed by the receiver, and 

left-handed when it rotates anticlockwise. Circularly polarised light occurs when two 

perpendicular plane waves of equal magnitude oscillate 90o, or a quarter of a 

wavelength, out of phase with each other.  It is generated by first linearly polarising 

the light with a polariser and then passing it through a quarter-waveplate at an angle 

of 45o with respect to the direction of polarisation to produce the 90o phase shift.  For 

the experiments described in this thesis, we used alternating left and right circularly 

polarised light.  This is generated with a polariser followed by a photoelastic 

modulator. The modulator acts as a variable waveplate, producing an alternating  

90o phase shift at a frequency of ~ 60 kHz, thus producing alternating left and right 

circularly polarised light at ~ 60 kHz. For further experimental details see section 3.1. 

 

2.4.2 Circular dichroism 

Circular dichroism (CD) is the differential absorption of left and right circularly 

polarised light. It is associated with the absorption bands of chiral systems (i.e. 
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systems without a centre of symmetry). These so-called optically active materials 

absorb left and right circularly polarised light differently.  This difference is given by: 

 

𝐴𝐿 − 𝐴𝑅

𝐴𝐿 + 𝐴𝑅
 

Equation 4 

By this notation, greater absorption of left circularly polarised light gives a positive 

signal and greater absorption of right circularly polarised light gives a negative signal. 

 

Since chlorophyll possesses a centre of symmetry, the CD of isolated chlorophyll is 

very weak. In contrast, chlorophylls within a protein show comparatively strong CD.  

This arises because chlorophylls within a protein are coupled to each other and have 

a chiral arrangement imposed upon them by the protein structure.  

 

The intensity of the observed CD transitions depends on the distance between the 

molecules and their relative orientation. This enables it to be used to probe the 

relative positions and orientations of the chlorophylls within the protein. For 

instance, extensive modelling of the CD of the PSII RC preparations from spinach has 

been reported. [33] 

 

2.4.3 Magnetic circular dichroism 

Magnetic Circular Dichroism (MCD) is the difference in absorption between left and 

right circularly polarised light induced by a magnetic field applied in the direction of 

light propagation. Like CD, MCD is measured in wavelength regions of optical 

absorption. It is a manifestation of the Zeeman effect.[34] 

 

Experimentally speaking, MCD is measured in the same way as CD, but with the 

application of a magnetic field. Samples with inherent CD will also have MCD. The 

circular dichroism is measured with and without the magnetic field, the purely 

magnetically induced component is then isolated by subtracting off the zero-field 

spectrum. 
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The mechanisms behind CD and MCD are different.  This means that the two 

techniques yield different information. Whilst CD provides structural information, 

MCD probes the electronic structure of states. In particular, it can provide 

information about the symmetry of transitions, (magnetically-induced) coupling 

between electronic levels, vibronic coupling [35], and identify bands in congested 

spectra. MCD is a multidimensional technique in that it can be measured as a 

function of temperature, field and wavelength. It probes both ground and excited 

states. 

 

This technique is complementary to EPR (covered in the next section) as the Zeeman 

splitting that gives rise to EPR signals also produce an MCD signal. This can be used to 

link an observed EPR transition to an optical transition. It has the advantage over EPR 

in that it reports the electronic structure of both the ground and excited states.  

 

At low temperature (<10K) the MCD signal of paramagnetic species is enhanced 

relative to that from other chromophores. This is particularly useful when studying 

weakly absorbing paramagnetic species on a background of strongly absorbing 

diamagnetic species.  

 

MCD can be described using the following equation [36]: 
 

Δ𝜖

𝐸
=  

𝜖𝐿𝐶𝑃 − 𝜖𝑅𝐶𝑃

𝐸
=  

1

𝑑𝑐
 
𝐴𝐿𝐶𝑃 − 𝐴𝑅𝐶𝑃

𝐸
 

 

=  𝛾𝛽𝐵𝐵 [(−
𝜕𝑓(𝐸)

𝜕𝐸
) 𝑨𝟏 + (𝑩𝟎 + 

𝑪𝟎

𝑘𝑇
) 𝑓(𝐸)] 

Equation 5. 

E is the energy, f(E) is the line shape function, T is the temperature, B is the applied 

magnetic field, βB is the Bohr magneton, k is Boltzmann constant, γ is a constant, d is 

the path length, c is the concentration.[37] 

 

The A1, B0 and C0 terms are coefficients.  They relate to the influence the magnetic 

field has on the electronic states under investigation. A-terms arise from the magnetic-

field-induced lifting of ground or excited state degeneracies. This leads to a 
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characteristic derivative-shaped spectral feature.  B-terms result from mixing of either 

the ground or the excited state with other electronic states.  B-terms have the same 

shape as the absorption feature that they correspond to.  The intensity of a B-term 

arising from the mixing of excited states increases linearly with increasing field and is 

mostly temperature independent.  However, B-terms arising from ground state mixing 

can show temperature dependence.  An example of a B-term found in this work is the 

mixing of Qx and Qy transitions in chlorophyll (See Section 2.2.1). C-terms are caused 

by magnetic-field-induced splitting of ground state degeneracies.  When ground-state 

degeneracies are lifted in a magnetic field, the population levels in the different states 

are changed by means of a new Boltzmann distribution. C-terms have the same shape 

as the absorption feature they correspond to, but are temperature dependent. MCD 

signals may be either positive or negative.  The sign of the MCD signal is determined 

by the change in orbital angular momentum between ground and excited states.  The 

three MCD terms are summarised in Figure 2.7 below. 
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Figure 2.7, The origins of the A, B and C term MCD signals. Adapted from Piepho and Schatz [36] Note 

that the splitting on the energy scale is exaggerated.  

 

At higher fields (>1T) and lower temperatures (<10K), C-terms no longer scale linearly 

with field and temperature. The intensity of a simple purely C-term transition is given 

by: 

 
Δ𝜖

𝐸
= 𝐴𝑙𝑖𝑚𝑖𝑡 tanh (

𝑔𝛽𝐵𝐵

2𝑘𝑇
) 𝑓(𝐸) 

Equation 6 

T is the temperature, B is the applied magnetic field, βB is the Bohr magneton, k is the 

Boltzmann constant and g is the g-value. 
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This saturation behaviour is useful in separating overlapping MCD signals. As well as 

this non-linear behaviour being useful for excluding contributions from A and B terms, 

it can be used to separate overlapping bands with different g-values. 

 

The phrase “Pseudo C-term” can be used to describe any absorption band that 

behaves similarly to a simple C-term in Variable Temperature Variable Field (VTVH) 

measurements but has a more complicated electronic structure. 

 

In the case of complex ground state splitting a more rigorous treatment is necessary. 

For instance when describing the MCD behaviour of magnetically coupled atoms. A 

paper by Neese et al [38] examines weakly coupled metal dimers. The examples 

shown demonstrate complex field and temperature dependant behaviour. In one 

case the MCD absorption band reversed sign with increasing temperature. 

 

The ground state splittings that lead to MCD C-terms are also the origin of electron 

paramagnetic resonance (EPR) signals. EPR is a spectroscopic technique used for 

studying systems with unpaired electrons.  In EPR, transitions between the electronic 

ground states that are split in the magnetic field are probed directly with microwaves.  

The transition energy in an EPR experiment is given by: 

 

𝛥𝐸 = ℎ𝑣 = 𝑔𝜇𝐵𝐵0 
Equation 7 

Where g is the g-value, h is Planck’s constant, μB is the Bohr magneton and B0 is the 

applied magnetic field.  

 

In contrast to an MCD experiment where the magnetic field is kept fixed and the 

wavelength is scanned, in EPR the microwave source is kept at a fixed energy and the 

magnetic field is scanned.  A comparison of EPR and MCD is shown in Figure 2.8 below.  

The energy of the optical transition is on the order of 104 times greater than an EPR 

transition. 
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Figure 2.8: Comparison of an EPR transition and MCD C-term. 

 

EPR does not require samples of high optical quality as MCD does. EPR studies on 

Photosystem II for instance are regularly made using PSII-enriched thylakoid 

membranes. Such preparations scatter light too much to produce MCD spectra of 

useful quality. 

 

It is important to note that spin forbidden transitions that can be seen in MCD are not 

equivalent to the change in spin measured in EPR. The MCD signal arises from a change 

in spin of one electron relative to the other electrons on that atom, while EPR reports 

the change in net spin of all the electrons on that atom. 

 

The shape and position of an EPR transition is influenced by the environment in which 

the electron(s) under investigation are in. For example, an unpaired electron can gain 

or lose angular momentum, which can change its g-value; when multiple unpaired 

electrons are present, they can interact with each other leading to zero-field splittings 

and exchange coupling; if nearby nuclei have a non-zero nuclear spin, they will affect 

any unpaired electrons associated with that atom leading to hyperfine splitting, which 

splits the EPR resonance signal into multiplets.  All these effects are often orientation 

dependent and so can provide information about the atomic or molecular orbital 

containing the unpaired electron.  Detailed information is usually obtained from EPR 

spectra by modelling the band position and shape. 
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EPR and MCD are complementary techniques. For example, modelling a measured 

saturation curve of an MCD signal can give a g-value.  This enables a signal observed 

in EPR to be linked to an optical transition.  The two methods yield interrelated 

information about a system and their combined use can be very insightful. 

 

The example below is the spectrum of the isolated PsbV subunit, which contains 

cytochrome c550. MCD and EPR have been used extensively in the study of 

cytochromes. A review by Cheesman et al [39] covered the applications of MCD to 

hemeproteins, with the technique often applied to various types of cytochrome in 

larger complexes. 

 

 
Figure 2.9: The absorption spectrum (A), field dependent intensity curve (B) and MCD field dependent 

spectra (C), of oxidised isolated cytochrome c550. 

 

In EPR, the isolated PsbV subunit from T.elongatus shows up as multiple peaks at  

gz=2.94, gy=2.24 and gx=1.49 [14]. Measuring the VTVH curve of cyt c550 gives a 

curve close to the hypothetical g=2 line from Equation 6. The deviation from the 

simple curve is consistent with the g-value having different directional components. 

A B 

C 
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Chapter 3 
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3.1  The spectrometer system 

The key experiments done for this thesis were performed on our optical 

spectroscopy system. The current configuration of the system dates back to 1986, 

with a number of incremental changes made since. Several improvements have 

been made to the system during this doctoral work. These are described in section 

3.1.1 below, and also documented in detail in the appendix of Publication 1. 

 

Measurements can be taken on any sufficiently transparent sample that fits on the 

sample rod. Initial work using this system primarily involved solid state samples. 

However the work described here was carried out on frozen aqueous solutions. 

Details of the cells used for such samples are described in section 3.3. 

One key advantage of this system is that it can be switched between different 

modes without perturbing the sample. It can simultaneously record absorption, 

CD and MCD spectra. It can also be rapidly reconfigured to measure emission and 

excitation spectra, without disturbing the cryogenic sample. The flexibility of the 

system allows us to easily test modifications to the system that were needed 

during various experiments. The different configurations are described in section 

3.1.1  

 

3.1.1  Absorption configuration  

The configuration of the system for absorption is shown in Figure 3.1 below, which 

was adapted from a paper by E. Krausz [40]. with modifications to show the 

specific configurations used for the experiments in this thesis. 

 

 
Figure 3.1, overview of the spectrometer as set up for absorption and CD/MCD measurements. 
Modified from the original version provided by E. Krausz [40] 
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Measurement light in this configuration is provided by Source 1.  A mechanical 

chopper chops the light at 483 Hz.  This light is then passed through a 0.75 m 

Czerny-Turner Spex 1402 dual single/double monochromator.  For the work here, 

it was always operated as a single monochromator.  The output of the 

monochromator is passed through an order sorting filter, a linear polariser and a 

photo-elastic modulator (PEM), the last of which is modulated at ~ 60 kHz.  The 

polariser PEM combination produces alternating left and right circularly polarised 

light for the (M)CD measurements.  The resulting light is then imaged on the 

sample. Light that is transmitted through the sample is collected and imaged on 

the detector.  The system has three lock-in amplifiers in a heterodyning 

arrangement.  The circular polarisation lock-in measures the signal at 60 kHz.  Its 

output is sent to the heterodyne lock-in amplifier, which is referenced to the 483 

Hz chopper frequency.  The heterodyne lock-in thus provides a signal that is 

modulated at both 483 Hz and 60 kHz, and consequently strongly rejects the 

interference from either the modulator or the chopper.  The detector output is also 

fed to the total light lock-in referenced to the chopper frequency that measures 

the total light level. 

 

The spectrometer depicted above can reliably measure absorbance up to OD ~ 2.  

Above this absorption level, spectra can become distorted, with peaks appearing 

to be clipped. This is due to stray light at other wavelength being of greater 

intensity than the transmitted light at the measurement wavelength. 

 

In this configuration, monochromator 2 (Spex 0.25 m) can be used to illuminate 

the sample by rotating the sample rod. This enables the measurement of 

wavelength-dependent electrochromic shift spectra. Monochromator 2 can also 

be used to back illuminate the sample so it can be photographed (see section 

3.1.3). The sample can also be illuminated with other light sources (such as a laser) 

by removing the detector or camera.  
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3.1.3: Fluorescence configuration 

 

 
Figure 3.2, system as configured for fluorescence experiments. Modified from the original 
version provided by E. Krausz [40] 
 

Figure 3.2 above shows the spectrometer in its fluorescence configuration.  

Fluorescence can be excited using a laser at either at the source 1 or source 3 

positions or with a lamp (source 2) via Monochromator 2. This last option is 

especially attractive as it is a highly tuneable, stable light source with a well 

characterised output.  Because of its tunability, this source can also be used for 

excitation spectra.  With the modulator and polariser in place, circular and 

magnetically circular polarised luminescence (CPL and MCPL) can be measured 

using a laser at source 1.  

 

3.1.4  Light sources: 

There are two light sources used for absorption measurements:  a quartz halogen 

lamp, and a laser driven light source (LDLS).  For exciting emission, either the 

quartz halogen lamp is used in conjunction with a small double monochromator 

(monochromator 2), or a laser.  The most commonly used laser in this thesis was 

a titanium sapphire laser. 

 

The quartz halogen lamp is the most commonly used light source for absorption 

experiments, including all the absorption spectra in this thesis.  Being based on a 

tungsten filament, this lamp good output from 420 nm to a few micrometres into 

the near infrared. It consists of a low cost 24 V, 250 W quartz halogen lamp in a 

cooled housing operated with a stabilised power supply.  The result is a highly 
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stable light source with an apparent change in absorption arising from instability 

in the lamp on the order of 10-5 over the course of 5 hours. 

 

The laser driven light source (Energetiq model EQ-1500 LDLS) uses a focused 

laser beam to generate and maintain plasma between the discharge electrodes of 

a xenon gas filled bulb.  Being based on a xenon discharge, it has a wavelength 

range from ~ 200 nm to ~ 2 mm.  Since it has good output in the UV region, it is an 

excellent complement to the halogen lamp. The spectrum of PSII in Figure 2.13 for 

example is a composite of two spectra measured with the two different light 

sources. 

 

The Titanium sapphire (Ti:S) laser is an infrared laser with a tuneable output from 

690 – 900 nm. The laser used here is a Schwartz EO Ti:S laser pumped with a 532 

nm Continuum Verdi G. The output of the Ti:S can be up to 400mW, filters were 

used to reduce the intensity of the beam at the sample. 

 

3.1.5  The detectors: 

Different detectors were used for different wavelength ranges. It was often 

necessary to use two or more detectors in the course of a single experiment.  

Changing detectors is a relatively straight forward procedure. The detectors used 

in this doctoral work are a photomultiplier, a silicon avalanche photodiode, and 

an InSb detector. An example where multiple detectors are used is in concentrated 

PSII samples where the pheophytin and cytochrome peaks in the “green window” 

(see Figure 2.4) are measured using the photomultiplier, and the avalanche diode 

for the near-IR MCD experiments. 

 

For the visible region (400 – 800 nm) a Hamamatusu R669 photomultiplier is 

used. This tube was chosen for optimal stability and baseline performance.  

Photomultiplier tubes do suffer baseline shifts induced by the magnetic field.  

These can be mitigated to some extent through the use of shielding, and can be 

corrected. 
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Measurements further to the red (500 – 1100 nm) were made with a temperature 

stabilised 5 mm Advanced Photonix silicon avalanche photodiode.  A important 

advantage of this detector is that it is significantly less sensitive to magnetic fields 

than a photomultiplier tube. This makes it a good choice of detector for magnetic-

field dependent measurements. For measurements further into the infrared, a 1 

mm, liquid nitrogen cooled InSb detector system with condensing optics was used.  

This detector has a wavelength range from 700 nm to about 5 mm. 

 

3.1.6  The camera 

The camera is a Canon DSLR with the IR filter removed. As PSII and PSI samples 

are mostly transparent beyond 740nm, light at longer wavelengths can be used to 

inspect the sample without altering it. Bubbles, ice crystals and excessive cracking 

of the sample can result in artefacts in the spectra. Other problems with 

transmission such as condensation on the outer windows or obstruction from 

items that have fallen into the cryostat can be seen with the camera before time 

and helium are wasted taking measurements. Examples of images taken with the 

camera are shown in Figure 3.7. 
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3.2.  Cryostat 
 

 
Figure 3.3: The cryostat housing the sample as viewed from the detector side in Figure 3.1 and 2. 
Based on original diagram by S. Peterson. 
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The cryostat is an Oxford Instruments SM-4 magneto-optical cryostat.  A cross-

section of this cryostat is shown in Figure 3.3 above. It enables the temperature of 

the sample to be controlled between 1.8 K and room temperature, and magnetic 

fields of 0 – 5 T to be applied.  The sample is attached to the end of a rod inside the 

cryostat, and can easily be rotated and moved up and down within the cryostat. 

The top of the rod is clamped into position while experiments are being run.  To 

do the measurements, the sample is lowered directly into a bath of nitrogen or 

helium, cooling it rapidly. This is vital for experiments involving PSII poised in 

higher S-states, as these states have a relatively short lifetime.  The magnet could 

be energised up to 5T in approximately 10 minutes. Being able to rapidly change 

the field was important for making multiple measurements at different fields in 

one day. 

 

During the course of the work described in this thesis, a number of improvements 

have been made to the cryostat.  These are: a lock for isolating the sample was 

added to the top of the cryostat, a guide was added to the bottom of the cryostat 

to keep the sample still, the temperature stability of the sample was improved. 

A lock was built at the top of the cryostat.  This enabled the sample to be raised 

out the liquid helium bath and brought to a given temperature without exposing 

the sample to light or air.  This addition was vital for annealing samples and 

allowing changes to take place that can only take place at temperatures above 

liquid helium or liquid nitrogen temperatures. Furthermore, the lock has a 

coverable window in it, enabling the sample to be “flashed” to initiate 

photochemistry that can only take place at temperatures above liquid helium or 

liquid nitrogen temperatures. 

 

The sample was found to undergo very small movements in the magnetic field of 

the cryostat. These movements cause errors in the baseline of MCD 

measurements. Accordingly, a small sprung guide was placed at the bottom of the 

cryostat to hold the bottom of the sample rod in place. 

 

As the temperature of the sample compartment in the cryostat changes, the length 

of the sample rod changes slightly. This leads to small, but measurable, drifts in 
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the MCD baseline. To solve this problem, a system with a solenoid-operated pump 

valve switched according to a set point on a carbon resistor at the sample was 

developed.  This maintains the temperature of the sample at 1.8  0.01 K.  In this 

way, the sample space can be kept at 1.8 K for 1-2 hours:  enough time to do a full 

series of measurements from 0T to 6T. 

 

3.3.  Samples and sample handling 

Samples used in this work were generously provided by others.  

Thermosynecoccus vulcanus samples were provided to us by Jian-Ren Shen’s from 

Okayama University. The PSII samples are the same preparations that are used to 

produce crystals for X-ray crystallography [41]. This group also provided samples 

of the red algae Cyanozadium merole. 

 

Chroococcidiopsis thermalis provided by Dennis Nurnberg and Bill Rutherford 

from Imperial College London. 

 

Spinach (Spinacia oleracea) is typically used because it has a high concentration 

of chlorophyll, low levels of starch and grows quickly. Spinach samples were 

produced by Paul Smith who previously worked at the ANU. 

 

PSI, PSII and other samples samples are stored in buffer either in the -40C freezer 

or under liquid nitrogen, with glassing agent added before the experiment. It was 

important to minimise freeze/thawing cycles, as this can potentially damage the 

samples, even with the addition of some cryoprotectant. Changes that can be 

observed optically include the oxidation of c550 in T.vulcanus PSII with 

subsequent freeze/thawing, and the detachment of LHC subunits from the PSII of 

spinach[18].  

 

Experimental set up designed to allow us to manage the light exposure to the 

sample. Green LEDs were used to provide enough light to safely work with. These 

LEDs emit light at the absorption minimum of chlorophyll containing samples. 

Once the sample cell has been filled and fitted to the sample rod, it can be kept in 

the dark and subsequent light exposure can be carefully controlled. 
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The volume of sample typically used in an experiment is between 5-50µL. Small 

volume glass syringes (10-200µL) are used to measure out the sample and to add 

the mixture to the sample cells. The buffer and antifreeze are blended together in 

an Eppendorf tube, along with any other additives, before the photosynthetic 

sample is added. Image of the sample being loaded into the cell in shown in the 

supplemental of Publication 1. 

 

Concentrations of samples provided for these experiments were typically between 

0.5-10mg/ml of chlorophyll. Highly concentrated PSII samples contain 

approximately 65mg/ml of protein, this combined with buffer and 45% glassing 

agent results in a highly viscous sample. ~5% variability in the concentration of 

the sample. For EPR controls, T.vulcanus sample had to be diluted by a factor of 

about 10, but contained the same ratio of buffer and glassing agent. 

There are a number of chemical treatments that can be applied to the samples. 

Potassium ferricyanide is typically used to chemically oxidise P700 in PSI. Sodium 

dithionite solutions could be used to reduce the cytochromes in PSII and is another 

method to remove the OEC. 

 

Oxidants and reductants are diluted in the buffer before the protein sample is 

added to the mixture. A super-saturated solution in distilled water is mixed up 

right before use. This reduces the dilution of the sample, and in the case of 

sodium dithionite solutions to reduce the amount of time spent preparing the 

solution as sodium dithionite decays in water. 

 

Photosynthetic samples contain a significant amount of detergent that acts as a 

substitute for the lipid membrane that originally surrounded the enzyme. High 

detergent levels lead to the sample wicking out of the sample cell. This was less 

likely to occur in cells with hydrophobic coatings. Bubbles formed in the mixture 

if not handled carefully. The presence of bubbles resulted in “clipping” of the 

spectra, where the tops of high OD peaks were flattened. Bubbles were especially 

problematic when measuring difference spectra, as a slight movement of sample 

containing bubbles resulted significant apparent changes to spectra. 
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3.3.2  Sample cell designs 

Photosynthetic samples are injected into quartz cells with a small syringe.  The 

sample is loaded under low light conditions, with green LEDs providing 

illumination.  The loaded sample cell is then affixed to the end of the sample rod 

and crash cooled by rapidly lowering it into the cryostat directly into either liquid 

nitrogen or liquid helium.  Cells must be able to survive repeated rapid cooling.  

Cells made entirely out of quartz have been used; however, they are at a greater 

risk of shattering from thermal shock. Polymer cuvettes are highly birefringent, 

and so are of little use for CD/MCD experiments.  This means that MCD cells tend 

to have a more sophisticated design than standard spectroscopic cuvettes. 

 

A standard MCD cell, often referred to as a Solomon cell, consists of two quartz 

windows separated by an O-ring and held in place by a frame. Cells with copper 

and Teflon frames were used in Figure 3.6. Such standard cells have the benefit of 

being simple to construct and easy to clean because they can be disassembled. 

 

 
Figure 3.4.1. “Standard” MCD cell in a disassembled state.  
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Figure 3.4.2. Three different “ANU” sample cells 

 

At the Australian National University, we have designed a number of novel MCD 

sample cells.  These sample cells have evolved over the years. Different cells were 

designed for different applications. 

 

The “ANU thick cells” were used for most of the OEC work in Paper 1. These cells 

consist of two 1 mm thick, 12 mm diameter quartz windows held together with a 

titanium ring and Ecobond™ glue.  They have a pathlength of 0.5 to 2 mm. The cell 

is filled and emptied through a small hole in the titanium ring.  Titanium and 

quartz both have low thermal expansion coefficients, reducing the risk the cell will 

crack, and because of the small size of the cell the strain across the quartz windows 

is negligible. The downside to these cells is they are quite difficult to construct. 

Eventually, freezing and thawing the sample can open gaps in the Ecobond, 

allowing the sample to wick out, and ultimately the sample cell falls apart. 
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For the work in this thesis, the thick cells had a hydrophobic coating applied to the 

inside of the cell. This is detailed further in section 3.3.3. 

 

“ANU split cells” are described in [40]. Two 1 mm thick, 12 mm diameter quartz 

windows are held 200 m apart with strips of titanium as spacers.  The sample is 

held in place through surface tension.  The cell is filled and emptied through a gap 

between the titanium spacers. 

 

With “ANU top-loader cells”, the sample is sandwiched between two 1 mm thick, 

12 mm diameter quartz windows with a mylar spacer between them. A titanium 

ring around one window prevents the sample from wicking out. The spacers are 

10 m and 50 m thick.  After the mylar spacer and sample have been put in the 

ring-window assembly, the second window is simply dropped on top to create a 

very short path length sample. These cells have been used to measure low OD 

spectra of concentrated samples. 

 

3.3.3  Sample glassing and hydrophobic coating: 

With the exemption of a few model compounds mentioned in paper 1, all the MCD 

work in this thesis was done using aqueous solutions.  

When water freezes at atmospheric pressure it forms crystalline ice, resulting in 

an opaque sample. The concomitant expansion of the aqueous solution can also 

damage the sample cell and the protein itself.  To prevent this, a glassing agent is 

added to the sample. Glycerol, ethylene glycol and sucrose are typical glassing 

agents for protein samples. [21]  

 

The use of glassing agents does have an impact on the photosystem cores, 

particularly the OEC in PSII.  Sucrose solutions have the potential to “dehydrate” 

samples. By weight, sucrose solutions require more sucrose than water in the 

sample to form a glass.  Glycerol and ethylene glycol are small enough to travel up 

the water channel, displacing water molecules.  This is a problem for S-state 

dependent PSII experiments where water must be at the active site.  This can 

suppress the formation of the high-g form of S2 and reduce the yield of the S3 state. 
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The physical processes determining glass formation are less simple than they first 

appear. A paper by Murata and Tanaka [42] examines phase transitions in 

water/glycerol mixtures.  

 

The cooled water/glycerol liquid is metastable above ~150 K, below this 

temperature, it forms a glass.  This phase change can be seen in our work with the 

sample becoming foggy at or slightly above 150 K until it melts entirely at about 

200 K. 

 

An ideal glass has high transmission, no cracks and low strain. In practice though 

this is not achievable, as cracks in the sample reduced strain. For our MCD 

experiments, the best results were obtained from samples with a few large cracks. 

The glassing quality was often unpredictable. In a 1mm cell the concentrated 

T.vulcanus samples would have a transmission of less than 15% at 800nm. 

 

The inspiration for applying a hydrophobic treatment to the cells came after it was 

noted that the transmission of the sample was noticeably worse after the sample 

cell had been thoroughly cleaned. Protein samples can leave a white residue inside 

the sample cell that builds up over time. While this layer is undesirable because it 

is opaque, it also makes the inside of the cell slightly more hydrophobic than clean 

quartz. Ironically, this results in improved spectra.  

 

The aqueous mixture in the cell has a higher thermal expansion coefficient than 

the quartz and titanium. As the sample cools and contracts, it becomes strained 

unless it can detach from one or both windows of the cell.  

 

The hydrophobic coating was added to replicate the effect of the protein residue, 

but in a more controlled manner and with a transparent substance.  Applying a 

hydrophobic coating to the inside of the sample cell leads to an increase in total 

transmission from 2 - 15 % to 45 – 55 %.  The total strain of the sample decreases, 

as seen in the CD spectra in Figure 3.6. 
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A solution of 1H,1H,2H,2H-perfluorooctyltrichlorosilane was used to form the 

monolayer. The method used was based on Liu et al (2011) [43] This method was 

chosen because the coating would not reduce the transmission of the sample cells, 

would be able to survive repeated freeze/thawing cycles down to 1.8K and could 

be exposed to a variety of solvents. Any light scattering from the polymerised 

siloxane is negligible compared to the increased transmission of the sample. 

 

 
Figure 3.5, Measurement of the advancing and receding contact angles on a surface treated with 
a hydrophobic coating. The lower the contact angle (θc), the more effective the treatment. 
 

The contact angle of the quartz window was measured to test the effectiveness of 

the treatment. Advancing and receding contact angles where measured using a 

KSV CAM200 Goniometer instrument.[43] The instrument consists of a syringe 

that deposits a droplet of the test solution onto the treated surface, and a camera. 

The contact angle of distilled water on the treated quartz surface matched that 

given in literature on a flat surface [44]. The effective contact angle for a clean 

quartz surface is zero, a droplet deposited on the surface forms a thin layer. For a 

surface that hasn’t been thoroughly clean, the contact angle is typically less than 

10∘.  

 

The test sample and the buffer solution both had significantly lower contact angles 

compared to distilled water. This indicates that the hydrophobic treatment might 

be less effective in samples with significant amounts of detergent, but this does 

not appear to increase the strain seen in the frozen samples. 
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The effect of strain is demonstrated in Figure 3.6 below.  The zero tesla (green) 

line shows the apparent CD in the sample arising from stain. The samples are 

transparent water/glycerol/ethylene glycol mixtures.  

 

 
Figure 3.6 -7T to +7T 5K apparent MCD spectrum of 2:1:2 water/glycerol/ethylene glycol 
mixture in: A, Cu/quartz 3mm standard cell. B, Teflon/quartz 2mm cell and C, Ti/quartz coated 
2mm ANU cell. 
 

Zero Tesla (green) line shows the apparent CD in the sample arising from stain. As 

the magnetic field is applied, the sample moves slightly, resulting in an apparent 

MCD signal if the strain is not homogeneous. The ripples seen in spectrum B are 

approximately the same intensity and the MCD signal from the OEC measured in 

Paper 1. The reduction in strain achieved by using the hydrophobic ANU thick cell 

made it possible to measure such low intensity signals. 

 

The addition of 40% of a 1:1 mixture of glycerol and ethylene glycol had 

previously been found to be the minimum amount of cryoprotectant that would 

reliably produce a glass in the ANU cells.[21]  

 

After applying the hydrophobic coating to the inside of the cells, different 

mixtures of cryoprotectant were tested, with the results recorded with both the 

spectrometer and the new IR camera. Photographs of some of the samples are 

shown in Figure 3.7. 

 



Chapter 3: Technical and Experimental  56 
 

 

 

 
Figure 3.7, Photographs of sample cells containing buffer/antifreeze mixtures at 77K.  

 

The least amount of glycerol useable is 35 %. At this concentration ice appears as 

dark spots on transmission photos as shown in Figure 3.7 There is no observed 

difference in transmission between samples with 40 % glycerol and samples with 

40 % 1:1 glycerol/ethylene glycol. However, samples with 40 % glassing agent 

become opaque overnight as the inner of the cryostat warms to ~ 90 K. 45 % v/v 

is therefore a better minimum amount of glassing agent to add to a sample. Adding 

additional glycerol above 45 % does not improve the transmission of the sample. 

Addition of protein has little impact on the appearance of the sample and its 

transmission at 800 nm.  

 

With 40 – 45 % glycerol, water will form crystals if given nucleation points and 

cooled slowly. The hydrophobic coating on the inside of the cell may prevent the 

former as water cannot stick to the surface. Rapid freezing of the sample in the 

cryostat does not allow time for water crystals to form. The samples used in the 

work here have thickness between 50 µm and 2 mm, allowing the whole sample 

to cool rapidly and homogeneously.  
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Chapter 4 
 

Mn(IV) d-d “spin flip” transitions in the 
near infrared Magnetic Circular 
Dichroism spectra of PSII 
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4.1.1  Introduction to Publication 1 

The initial aim of this work was to measure the optical absorption of the oxygen 

evolving complex of Photosystem II. EPR studies by Boussac et al [45] showed 

that illuminating a PSII sample in the S2 or S3 state with 720-860 nm light could 

lead to changes in the EPR spectrum of the OEC.  As this is too far to the red for 

chlorophyll absorption, it can be assumed that the OEC must be directly 

absorbing the light. As shown in Figure 2.4, the spectrum of PSII is dominated by 

chlorophyll absorption up to 700 nm.  The region between 710-1000nm appears 

empty.  Weak absorption from the OEC could hypothetically be measured in this 

region with a sufficiently concentrated sample at low temperature. However, the 

variable scattering of light in a real sample makes measuring these bands with 

optical absorption alone impractical. 

 

Low temperature magnetic circular dichroism was used to optically characterise 

the absorption of the OEC.  This technique has a number of advantages, as 

described in Section 2.4.3. In particular, it excludes light from scattering and 

enhances the absorption of paramagnetic species relative to other bands. The 

field dependent behaviour of different chromophores can be used to uncouple 

overlapping signals, and can be compared to EPR data of the same samples. 

 

In this work, PSII extracted from T.vulcanus was used. There were a number of 

reasons for this choice. The half-life of the S-states formed at room temperature 

is long enough to enable the sample to be loaded and frozen before significant 

roll back occurs. Previous spectroscopic studies have shown consistency 

between batches [18]. Samples are robust enough that they can be highly 

concentrated and retain activity through multiple freeze-thaw cycles. The PSI 

content of the PSII samples is on the order of 1% (see section 3.3). 

 

A number of improvements were made to the spectrometer and sample handling 

for the work in this publication, as detailed in Section 3.3.3. In particular, 

baseline issues encountered in earlier experiments [27] were resolved by 

applying a hydrophobic coating to the sample cells, producing a more 

homogeneous strain in the samples and therefore less baseline shift. Figure 3.6 
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shows an example of the apparent MCD spectra that can be generated from 

movement of a sample.  Furthermore, the sample in the ealier experiment was an 

uncontrolled mixture of S-states. By dark adapting the sample and then applying 

controlled pulses of light with a laser, we obtained spectra of each S-state. The S1 

-> S2 conversion was reliably ~ 80%, and the S2 -> S3 conversion was at most 

50%, declining with repeated freeze-thaw samples. 

 

4.1.2. Key findings from Publication 1 

Variable temperature variable field MCD was reported for the OEC in each S 

state.  The dark-adapted sample was entirely in the S1 state, and displayed a 

broad negative feature that was weakly diamagnetic.  After a single flash from 

the pulsed laser, a highly-structured MCD signal developed that could be 

attributed to the S2 state.  Second and third pulses advance the OEC to the S3 and 

S0 states, respectively, which also have structured, but distinctly different MCD 

spectra.  Differences in field and temperature dependencies enable the MCD 

spectra of the various S states of the OEC and cytochromes and chlorophylls to be 

distinguished from each other.  By subtracting the various appropriately scaled 

components from each other, spectra of the S1, S2, S3 and S0 OEC states could be 

obtained. 

 

The spectral features in the MCD of the S1, S2 and S3 states are only 10 – 20 nm 

FWHM.  This, in combination with transition energies and relative intensities of 

these features enabled us to definitively assign the sharp features seen to 4A → 

2E “spin-flips” from Mn(IV).  Furthermore, it was noted that the shapes of the S 

state MCD signals, that of S2 in particular, bore a strong resemblance to that of 

the OEC mimic manganese cubane, further strengthening our assignment of spin 

flips in the PSII OEC. The possibility that the far-red absorption was due to these 

spin-forbidden transitions had not been previously considered. Section 2.2.3 

details the mechanism by which spin flips within a cluster can gain intensity. 

 

4.1.3. Additional notes 

We were not able to generate the “high-g” form of the S2 state following the 

protocol in Bossauc et al [45]. This is followed up in Publication 4. 
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While MCD spectra in the region 710 – 1000 nm of other samples were 

measured, only those from T.vulcanus were worth publishing. MCD spectra of 

spinach in this region show features similar to those seen in T.vulcanus, along 

with a significant amount of PSI. No serious attempt was made to measure the 

OEC in C. thermalis. The absorption bands of the far-red chlorophylls overlap 

with the OEC region. The was no sign of an OEC signal in the 710-900 nm region 

of Synechocystis 6803 PSII. C. merole shows a negative MCD band with g=2 

saturation behaviour, which is too intense to be from the Mn cluster.  
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4.2 Statement of Contribution 
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4.3  Publication 1 
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Chapter 5 
 

Photochemistry beyond the red limit in 
chlorophyll f–containing photosystems) 
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5.1.1  Introduction to Publication 2 

Chlorophyll a is the most ubiquitous chlorophyll found in photosynthesis.  It uses 

red light (~680 – 700 nm) to convert sunlight into chemical energy.  Light with 

wavelengths longer than this is considered to not have enough energy to drive 

photosynthesis.  As such ~ 700 nm is considered to be the “red limit” of 

photosynthesis. 

 

Chrococcidiopis thermalis is a cyanobacteria that produces the far-red absorbing 

chlorophylls f and d when grown under red light (see section 1.4.1). PSI and PSII 

in this organism both contain these chlorophylls. A range of biophysical 

techniques, including low temperature optical spectroscopy, were used to 

determine the location and function of these red chlorophylls within the 

photosynthetic complexes and thus determine if photosynthesis was being 

performed beyond the red limit. 

 

5.1.2 Key findings from Publication 2 

The key finding of this publication is that photosynthesis is being performed 

beyond the red limit.  Long-wavelength chlorophylls are found in the reaction 

centres of both PSI and PSII in C. thermalis.  Specifically, the primary donor, ChlD1, 

in PSII is a far-red chlorophyll absorbing at ~727 nm and one or both primary 

donors, A1A and A1B are chlorophyll f in PSI absorbing at ~745 nm.  As such, the 

red chlorophylls are actively involved in photochemistry using light that is 

generally considered to have insufficient energy for this process. 

 

The low temperature optical spectroscopy measurements were critical in coming 

to this conclusion.  In particular, the CD and MCD spectra enabled the 

characterisation of the absorption bands of the individual far-red chlorophylls, 

yielding information about the number of far-red chlorophylls present and their 

optical properties.  Furthermore, electrochromic shift spectra contributed 

evidence of the presence of at least one far-red chlorophyll in the reaction 

centres of both PSII and PSI and assisted in identifying its location. 
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6.1.1  Introduction to Publication 3 

Publication 3 is a further study on the location of far-red-light absorbing 

chlorophylls in the PSII reaction centre of Chrococcidiopis thermalis. Publication 3 

follows on from publication 2. One of the key conclusions of publication 2 is that 

the primary donor in the reaction centre of PSII in C. thermalis is a far-red 

chlorophyll absorbing at 727 nm. Publication 3 uses a combination of CD, MCD and 

electrochromic shift spectra as well as spectroscopic modelling to further refine 

the location and function of the far-red chlorophyll (either d or f) in the centre of 

PSII. 

 

Particularly critical for the conclusions of this paper were the electrochromic shift 

spectra and the CD. Modelling of electrochromic shift spectra can yield 

information about the location of pigments relative to photo-generated charges 

within a pigment-protein complex and thus be used to link absorption features to 

specific pigments within a complex.  Modelling for this publication was performed 

by Martyna Judd using a model described in Cox et al. [46]. Figure 2.6 shows a 

simplified model of an electrochromic shift spectrum containing two 

chromophores. CD spectroscopy can yield structural information such as the 

strength of interaction between pigments and how they interact with their nearest 

neighbours. 

 

6.1.2  Key findings from Publication 3 

This publication confirms the conclusion that the chlorophyll absorbing at 726 nm is 

the primary electron donor.  The absorption peak at this wavelength has a 21  4 cm-

1 electrochromic shift arising from the photoproduction of the semiquinone ion QA•-.  

Detailed modelling of this electrochromic shift shows that both ChlD1 and PD2 are 

located at a distance and orientation relative to QA•- such that either could account 

for the observed electrochromic shift.   

 

The CD signal at 726 nm is of a magnitude that suggests that the pigment in question 

is relatively strongly coupled to a neighbouring pigment.  PD2 is a good candidate for 

this.  In contrast, according to our modelling, ChlD1 has negligible CD. Such an 
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observation favours PD2 as the primary donor.  This is the first experimental evidence 

that PD2 could be the primary donor in C. thermalis. This surprising result needs to be 

further explored with more experimental and calculational work.  This publication 

demonstrates the efficacy of using multiple optical spectroscopic techniques and 

modelling on the same sample to obtain detailed structural and functional 

information.  
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7.1.1 Introduction to Publication 4  

Publication 4 follows on from Publication 1. In Paper 1, we measured variable 

temperature variable field MCD spectra of each of the S-states of the OEC in the 710-

900 nm region. The MCD of the S-states consists of narrow bands over a relatively 

small spectral range.  We have assigned these narrow bands to Mn(IV) 4A→2E spin-

flip transitions. Each transition corresponds to a different Mn(IV) ion in the OEC 

structure. Absorption in this region was predicted to occur based on an EPR action 

spectrum reported in a paper by Boussac et al. [45] 

 

One key intermediate S-state, the S2 state, exists in two distinct forms that differ in 

their electronic ground state configurations:  a low spin state (S=1/2) and a high spin 

state (S=5/2).  These two S2 sub-states have been studied extensively by EPR and 

correspond to the low spin “multiline” signal and the high spin g4.1 signal.  Boussac 

et al also showed that illumination in the 710 – 900 nm region caused an 

interconversion between the two forms of the S2 state. In publication 1, we were 

not able to observe this interconversion.  The experiments in publication 1 used a 1:1 

mixture of glycerol and ethylene glycol as a glassing agent. Hydrophobic cells made 

the addition of ethylene glycol unnecessary, so we attempted the experiment again 

using only glycerol. 

 

7.1.2:  Key findings from Publication 4 

Using only glycerol as a glassing agent in the new cells had no measurable impact on 

the optical quality of the sample. Photographs of clear test samples are shown in 

figure 3.7  

 

S2 state interconversion was induced with 775 nm laser illumination, and had an 

efficiency of ~40%, even at ~ 2 K. As with the identification of the MCD of the different 

S states in publication 1, the distinct field and temperature dependencies of the MCD 

spectra of the two S2 forms could be used to distinguish them from each other.  The 

field dependencies of the MCD signals of the two S2 sub-states are consistent with 

S=1/2 and S=5/2 and a crystal field splitting of ~1 cm-1, respectively. This agrees with 
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previous EPR reports. Critically, the low spin S2 state has three Mn(IV) spin flip 

transitions, whilst the high spin S2 state has only two. This observation, in combination 

with the fact that the interconversion can take place at temperatures as low as 2 K, 

suggests that one of the Mn(IV) ions is photoreduced to Mn(III) and we conclude that 

the two S2 state forms are redox isomers.  
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9.4  Supplementary to Publication 2 
 
This section contains only data from our group along with supporting text. 
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