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ABSTRACT 

This thesis describes a study of the photoinduced electron and energy transfer 

pathways within the isolated photosystem two (PS H) reaction centre. 

The experimental technique most used in this thesis is transient absorption 

spectroscopy. A femtosecond transient absorption spectrometer was constructed in 

order to study the photoinduced primary charge separation events occurring in the PS n 

reaction centre. In addition, a nanosecond to millisecond transient absorption 

spectrometer was buUt in order to study the relaxation processes occurring in the PS II 

reaction centre after the primary charge separation. 

Initial experiments with the isolated PS II reaction centre were hindered by the 

instability of the complex to illumination. This was found to be caused primarily by 

oxygen quenching of a photoinduced triplet state residing upon P680, the primary 

electron donor of PS II, resulting in the production of highly oxidising singlet oxygen. 

Removal of the oxygen from the preparation greatiy stabilised the reaction centre. 

The kinetics of charge recombination from the primary radical pair state were 

studied. This charge recombination results in a 30% yield of a chlorophyll triplet state, 

which was identified as the triplet state of P680. In the absence of oxygen, this triplet 

state decays primarily with a lifetime of 1ms. Analysis of the triplet-minus-singlet 

absorption difference spectrum of this P680 triplet state suggests that P680 is a pair of 

chlorophyll molecules whose singlet states are excitonically coupled. In a minority of 

reaction centres, energy transfer between the P680 triplet state and a carotenoid triplet 

state is observed. The resultant P680/carotenoid triplet equilibrium, which is formed in 

approximately 10% of reaction centres, decays with a lifetime of 12ps. An attempt to 

reconstitute a quinone as a secondary electron acceptor into the reaction centre is also 

described. 

Transient absorption kinetics were observed with a (l.lps)"! rate. These kinetics 

were tentatively assigned to the decay of the stimulated emission band of P680, 

associated with primary charge separation and leading to the formation of the primary 

radical pair. Slower kinetics, with a (18ps)"l rate, were assigned to energy transfer 

processes. Further experiments aimed at confirming these assignments are discussed. 

A recurring theme throughout this thesis is the similarities and differences between 

the observations made here on PS II reaction centres, and studies previously carried out 

upon reaction centres isolated from purple bactraia. 
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CHAPTER 1: INTRODUCTION 

1.1 THE HISTORICAL BACKGROUND TO THIS THESIS. 

Photosystem two is a protein complex formed from an assembly of more than 

twenty different polypeptide units. It is embedded in a membrane environment and is a 

key component of the photosynthetic apparatus of higher plants and other oxygen 

evolving photosynthetic organisms (algae and cyanobacteria). It is unique in that it is 

the only photosystem which can generate a sufficiently high oxidising potential to 

remove electrons from water. However nature appears to have paid a price for 

achieving this remarkable photochemical reaction, as photosystem two is also uniquely 

unstable, with the D1 polypeptide of photosystem two being degraded and replaced 

every few hours in the plant [Mattoo & Edelman 1987]. 

Photosystem two (PS II) has been the subject of a large and diverse range of 

scientific research, but in spite of this, the primary photochemistry of this large pigment 

/protein complex has remained, until recently, something of a mystery. In the mid-

1980's there were several scientific advances which have greatly assisted in the study 

of this photosystem. One major breakthrough came in 1986 with the isolation of the 

reaction centre of PS 11 by Nanba & Satoh [1987], followed shortly after by Barber et 

al. [1987]. The preparation provided an opportunity to study the primary electron 

transfer reactions of PS II without the complications associated with either energy 

transfer from the antenna pigments to the reaction centre or with secondary electron 

transfer processes. 

In addition, in the mid-1980's amino acid sequence analyses indicated that there 

was a close homology between the reaction centres of PS II and those of photosynthetic 

purple bacteria. The photosynthetic apparatus of purple bacteria was (and remains) 

understood in much greater detail than PS II. In particular, the crystal structure of the 

bacterial reaction centre has been elucidated with a 2.3A resolution by Deisenhofer, 

Huber and Michel, a feat for which they were awarded the Nobel Prize for chemistry in 

1988. The homology between the two photosystems has provided a useful model upon 

which to base studies of PS II, as will be a recurring theme throughout this thesis. 

These developments all preceded the commencement of my Ph.D project in October 

1987. The aim of my project was to use transient absorption spectroscopy to exploit 

these exciting developments in order to further our understanding of the primary 

photochemistry of photosystem two. 
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1.2 THE ROLE OF PHOTOSYSTEM TWO IN HIGHER PLANT 
PHOTOSYNTHESIS 

The overall scheme of higher plant photosynthesis comprises two reaction 

sequences: a) a chain of light- driven redox reactions which result in the formation of 

NADPH and ATP, and b) a sequence of enzyme-catalysed dark reactions leading to 

CO2 fixation using NADPH as the reductant and ATP as a source of energy. 

Photosystem two (PS H) is part of the photosynthetic apparatus involved in the 

light driven reactions, the other components being photosystem one (PS I), cytochrome 

b6-f (cyt b6-f) and ATP synthase (CpQ-CPi, also called the coupling factor). These 

four components are located in the thylakoid membrane of chloroplasts, as indicated in 

figure 1.1. PS n, PS I and cyt b6-f function together to use light energy to drive the 

oxidation of water and concomitant reduction of NADP"^, simultaneously generating a 

proton gradient across the thylakoid membrane. This pH gradient is then harnessed by 

the coupling factor to drive the synthesis of ATP. 

All four complexes have substantial parts of their structure buried in hydrophobic 

regions of the lipid bUayer comprising the thylakoid membrane; they are transmembrane 

proteins and are orientated in a specific manner. The thylakoid membrane is divided 

into granal regions, in which the membrane is folded over and appressed into stacks, 

and non-appressed regions which include the unstacked stromal lamellae and exposed 

regions of the granal stacks. Most of the PS II complexes are located in appressed 

regions of the grana, whilst PS I and ATP synthase are located in non-appressed 

membranes. The cytochrome b6-f seems to be evenly distributed between the two 

regions. This organisation is dynamic, the protein complexes are able, under certain 

circumstances, to migrate from one region to the other. Further details can be found in 

Marder & Barber [1989]. 

Photosystem two is a light driven water-plastoquinone oxidoreductase. It is the 

component of oxygenic photosynthesis which catalyses the photoinduced transfer of 

electrons from water to plastoquinone (PQ): 

4hu 

4H+(s) + 2PQ +2H2O ^ 2PQH2 + O2 + 4H+(,) 1.1 

In order to indicate the vectorial organization of the reaction sequence across the 

thylakoid membrane, the location of the proton release and uptake are indicated by the 

sub-scripts (s) and (1), referring to the stromal and luminal sides of the membrane 

respectively. 
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This process can be divided up into three reaction sequences (note these reaction 

sequences do not occur consecutively): 

1) the generation of an electronically excited state by the absorption of light, and its 

transformation into an electron-hole pair with adequate stability and redox power 

PA ^ P*A ^ P+A- 1.2 

where P i sa photochemically active pigment and A an electron acceptor. 

2) The cooperative reaction of four holes © with two water molecules: 

4 © + 2H20(1) 02 + 4H+(i) 1.3 

3) The cooperative reaction of two electrons e" with Q and water: 

2e- + Q + 2H+(s) QH2 1.4 

where Q is a quinone secondary electron acceptor. 

These reactions result in the net transfer of protons across the thylakoid membrane, 

contributing to the pH gradient across the membrane which is harnessed by the ATP 

synthase to synthesise ATP. The reducing potential of the QH2 is used, along with the 

absorption of additional light energy, by PS I and the cyt b6-f complex to produce 

NADPH and transfer more protons across the thylakoid membrane (see figure 1.1) 

This thesis focuses upon one step of the reaction described by equation 1.2 above. 

The light energy which drives photosynthesis is initially absorbed by pigment 

molecules bound to antenna proteins termed light harvesting complexes. This energy is 

then transferred to a 'reaction centre' complex, where it initiates a series of electron 

transfer reactions which proceed vectorially across the membrane. Each reaction 

generates a progressively more stable radical pair state P'''A". This thesis describes a 

study of the first, or 'primary', electron transfer step which follows the transfer of 

excitation energy to the reaction centre complex and results in the formation of the 

primary radical pair state. 

17 
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FIGURE 1.1: 

The organisation of the thylakoid membrane [from Marder & Barber 1989]. The figure depicts the four 

membrane embedded complexes, PS II, PS I, cyt b6-f and CFq-CFi distributed between the appressed and 

non-appressed regions of the thylakoid. The first three complexes undergo electron transfer reactions with 

mobile components plastoquinone (PQ / PQH2), plastocyanin (PC) and ferrodoxin (Fd) to allow the transfer 

of reducing equivalents from water to NADP"*" coupled to the pumping of protons into the lumen. This creates 

an electrochemical potential gradient which is then used by the C Fq - C F ] complex to drive ATP synthesis. The 

shaded subunits represent secondary antennae associated with the photosystems. 



1.3 AN OVERVIEW OF PHOTOSYSTEM TWO. 

There have been several recent reviews of the photosystem two, discussing various 

aspects of its structure and function, including general reviews [Barber 1989, Hansson 

& Wydrzynski 1990], energy trapping [Renger 1991], water oxidation [Rutherford 

1989], PS II's role in the thylakoid membrane [Marder & Barber 1989], genetic 

engineering [Pakrasi & Vermass 1991], polypeptide composition [Green 1988] and 

photoinhibition [Andersson & Styring 1991]. This section will therefore only briefly 

review those aspects of PS II of particular relevance to this thesis. 

PS n is a large pigment / protein complex containing approximately 23 different 

polypeptides. A simplified model of its structure is shown in figure 1.2. It can be 

considered as a number of separate units. 

a) The secondary antenna of PS II (LHC n). This light harvesting complex is 

primarily responsible for the absorption of the light energy. The complex contains 

several distinct trans-membrane polypeptides with molecular weights of (20-30)kDa, all 

of which bind various amounts of both chlorophyll-a and chlorophyll-b, with a total of 

approximately 200 chlorophyll molecules per PS n unit. 

b) The inner chlorophyll-a antenna. Two antenna polypeptides (CP 47 and CP 43) 

bind chlorophyll-a but no chlorophyll-b and are more tightly associated with the PS 11 

reaction centre complex than the peripheral LHC II. They serve to funnel excitation 

energy from the LHC n to the primary electron donor in the PS U reaction centre. 

c) The PS II reaction centre complex. This complex consists primarily of two 

homologous polypeptides referred to as D1 and D2. It contains the primary and 

secondary electron donors and acceptors which conduct the series of electron transfer 

reactions which result in the conversion of the light energy into a stable radical pair 

state, with its associated oxidising and reducing potential. This complex will be further 

discussed below. 

d) The water splitting complex. Water oxidation involves the accumulation of four 

oxidising equivalents in a four atom manganese cluster. Chloride and calcium ions also 

appear to be involved in the catalytic site. At least three polypeptides, with apparent 

molecular weights of 33kDa, 23kDa and 16kDa, are associated with water oxidation. 

All three are extrinsic polypeptides bound on the luminal side of the thylakoid 

membrane. 

e) In addition there are several other polypeptides, such as two small molecular 

weight (lOkDa and 4kDa) polypeptides which bind cytochrome b559 and are closely 

associated with the D1 and D2 polypeptides. 

Following absorption of a photon by the light harvesting complex, the excitation 

energy equilibrates throughout the PS II antenna system in a few tens of picoseconds 
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[see Renger 1991]. The energy is trapped in the reaction centre on a time scale of a few 

hundred picoseconds by energy transfer to the primary electron donor, and subsequent 

charge separation [see Hansson & Wyrdrzynski 1990]. This thesis describes a study of 

a PS II reaction centre complex from which both the inner and secondary antenna 

complexes have been removed, and therefore the energy transfer from the antenna 

complexes to the primary electron donor wiU not be further considered, although 

energy transfer between the pigments of the reaction centre wiU be discussed in chapter 

7. 

The primary electron donor in PS n will be referred to in this thesis as P680. (The 

term P680 originally referred to a pigment with an absorption maximum at 680nm, it is 

now conventional to use the letter P specifically to signify to the chlorophyll species 

which acts as the primary electron donor of a photosystem.) The series of electron 

transfer steps which follow the transfer of the excitation energy to P680 are shown in 

figure 1.3 [Rutherford 1988]. The primary charge separation occurs in a few 

picoseconds, in which an electron is thought to move from P680* (the lowest singlet 

excited state of P680) to a pheophytin molecule, resulting in the formation of the 

primary radical pair state P680''"Ph'. The electron then proceeds to the secondary 

electron acceptor and onto Qg (both of which are plastoquinones). P680+ is 

rereduced by the secondary electron donor Tyrg, a tyrosine amino acid residue at 

position 161 on the D1 polypeptide, which in turn is rereduced by the manganese 

cluster of the water splitting complex. Further absorption of photons results in the 

double reduction of Qg, its protonation to form a quinol and its subsequent unbinding 

from the complex (as in equation 1.4). In addition four oxidising equivalents are stored 

by the manganese cluster and then used to oxidise water, via the S states cycle, as in 

equation 1.3 [see Rutherford 1989]. 

1.4 PHOTOSYNTHETIC REACTION CENTRES. 

1.4.1 INTRODUCTION. 

This thesis describes a study of the reaction centre of PS II isolated from higher 

plants. Throughout this thesis I use the term 'reaction centre' to refer to the smallest 

unit which can be biochemically isolated from a photosystem and still retain the ability 

to carry out primary charge separation. The advantages and problems associated with 

using the isolated PS II reaction centre preparation to study the primary photochemistry 

of PS II are discussed in section 1.5. In this section I introduce the properties of the 

isolated PS II reaction centres, and discuss the similarities between this reaction centre 
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and those isolated from other organisms. 

There is a wide diversity of photosynthetic organisms. The organisms most similar 

to higher plants in their photosynthetic apparatus are the algae and cyanobacteria. All 

these organisms contain PS n and are able to split water. Higher plants and green algae 

contain LHC11 antenna complexes, whilst in cyanobacteria and red algae this antenna 

complex is replaced by phycobiliproteins. In the case of certain strains of cyanobacteria 

(e.g. Synechocystis 6805) it is possible to apply site directed mutagenesis to modify 

the polypeptides associated with PS n [reviewed by Pakrasi & Vermass 1991]. There 

have been no detailed spectroscopic studies of PS II reaction centres isolated from this 

class of organisms [but see Gounaris et al. 1989], and they will therefore not be 

considered further in this thesis. 

Anaerobic purple bacteria bind bacteriochlorophyll rather than chlorophyll as their 

primary pigment, and are unable to generate a sufficiently high oxidising potential to 

split water. However, there are some striking similarities between reaction centres 

isolated from PS II, and those isolated from nonsulphur purple bacteria, such as 

Rhodopseudomonas {Rps. ) viridis or Rhodobacter {Rb. )(also previously called 

Rps. ) sphaeroides , as I will discuss below. In this thesis I use the term bacterial 

reaction centre (BRC) to refer to reaction centres isolated from this class of 

photosynthetic organism. At present, there appears to be relatively little homology 

between the reaction centres of PS II and PS I [see for example Marder & Barber 

1989], and therefore I will only discuss specific aspects of PS I where relevant. 

1.4.2 THE REACTION CENTRE OF PHOTOS YSTEM TWO. 

Until the mid-1980's, there was considerable controversy as to which polypeptides 

constituted the reaction centre of PS 11. Amino acid sequence analyses then revealed a 

striking homology between the D1 and D2 polypeptides of PS II and the L and M 

subunits of the reaction centre of purple bacteria, as will be discussed below. 

Conclusive support for the identification of the D1 and D2 polypeptides as the reaction 

centre of PS II came in 1986 with the isolation by Nanba & Satoh [1987] and Barber et 

al. [1987] of the D1 / D2 / cytochrome b559 reaction centre complex. The terms D1 / 

D2 / cytochrome b559 reaction centre and isolated PS II reaction centre refer to the 

same complex, and will be used interchangeably throughout this thesis. 

The isolated PS II reaction centre contains the D1 and D2 polypeptides (with 

apparent molecular weights of 32kDa and 30kDa respectively), the a and P sub-units 

of cytochrome b559 (lOkDa and 4kDa respectively) and a 4.5kDa polypeptide (the psb 

I gene product) [Ikeuchi & Inoue 1988, Webber et al. 1989]. Most recent studies 
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indicate that it binds pigments in the ratio of 6 Chlorophyll-a (Chl-a): 2 pheophytin-a 

(Ph): 2 P-carotene (Car): approximately one cytochrome b559 (cyt b559) [Gounaris et 

al. 1990, see section 3.1]. The quinone secondary electron acceptors are lost during the 

isolation procedure, and the water splitting complex has also been removed. The 

secondary electron donor, tyrosine Z , must be present in this complex, as it is an amino 

acid residue of the D1 polypeptide as mentioned above [Debus et al. 1988]. However, 

in the isolated PS n reaction centre, its ability to rereduce P680* appears to be greatly 

impeded [Mathis et al. 1989, see also chapter five]. The reaction centre is able to 

achieve primary charge separation, resulting in the formation of the primary radical pair 

state P680'*'Ph" with a near unity quantum yield [Okamura et al. 1987, Danielius et al. 

1987, Booth et al. 1990, see also sections 4.1, 4.3 & 7.1]. The isolated PS 11 reaction 

centre's electron transfer properties are therefore limited to primary charge separation 

and subsequent charge recombination pathways from the primary radical pair state. 

The pigments involved in the primary charge separation are the chlorophylls and 

pheophytins associated with the reaction centre complex (see figure 1.4 for their 

structure). The primary electron donor, P680, consists of either one or two chlorophyll 

molecules, as will be discussed below. The primary electron acceptor is a pheophytin 

molecule [Klimov et al. 1987]. The role of the remaining chlorophyll and pheophytin 

pigments is unclear. Throughout this thesis the term accessory pigments wiU be used to 

refer to the chlorophyll and pheophytin pigments bound to the isolated PS II reaction 

centre complex which do not constitute the primary electron donor of PS II. The p-

carotene molecules probably have a photoprotecdve role, quenching chlorophyll triplet 

and oxygen singlet states (see section 4.5), and acting as an electron donor to P680* 

[Telfer et al. 1991]. The function of the cytochrome b559 is unclear, although it 

probably also has a photoprotective role, mediating cyclic electron transfer from 

back to P680''" in order to dissipate excess energy under high light conditions 

[Thompson & Brudvig 1988, Telfer et al. 1991 see also chapter five]. 

The absorption spectrum of the isolated PS II reaction centre preparation is shown 

in figure 1.5, observed at 4^0, and the various absorption maxima assigned to the 

different pigments. It is clear that there is considerable overlap of the absorption spectra 

of the different pigments. The overlap is reduced at low temperatures, at which the Qy-

absorption band splits into two maxima [van Kan et al. 1990, He et al. 1991]. This 

overlap is much greater than that observed in bacteria, a factor which has complicated 

study of PS II. 

Throughout this thesis, the absorption bands of the pheophytin and chlorophyll 

pigments will be labelled as follows: the lowest energy absorption band (peaking at 

675.5nm in figure 1.4) will be referred to as the Qy-absorption band, the low intensity 

absorption bands between 530nm and 650nm as the Qx-absorption bands, and the 
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The structures of chlorophyll-a (Chl-a) and bacteriochlorophyll-a (BChl-a). 

Pheophytin-a and bacteriopheophytin-a do not contain magnesium but are otherwise 

identical. 
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strong absorption bands at around 410nm as the Soret bands. Strictly the terms Qx and 

Qy refer to optical transitions which have their transition dipole moments parallel to the 

X and y axes respectively of the pigment molecules. The terminology used here is only 

correct as a first approximation [Fragata et al. 1988], but follows a widely used 

convention. For convenience, the same terminology will be used to describe the 

absorption bands of excitonically coupled chlorophyll molecules. 

This thesis discusses several aspects of the primary photochemistry of PS 11. 

Literature relevant to each aspect of this photochemistry will be reviewed where 

appropriate in the following chapters. 

1.4.3 THE REACTION CENTRE OF PURPLE BACTERIA. 

Reaction centres were first isolated from the purple bacteria Rb. sphaeroides by 

Reed & Clayton [1968], closely followed by Rps. viridis [Thomber et al. 1969], 

almost twenty years before the isolation of a reaction centre complex from PS II from 

spinach [Nanba & Satoh 1987] and from peas [Barber et al. 1987]. Since then, these 

bacterial reaction centres (BRC) have been studied by a wide variety of experimental 

techniques. 

The reaction centre of Rb. sphaeroides consists of three polypeptides [Okamura et 

al. 1982]: the L (light), M (medium) and H (heavy) subunits. The L and M subunits 

have a high degree of sequence homology and together bind four bacteriochlorophylls 

(BChl's), two bacteriopheophytins (BPh's), two ubiquinones (in Rps. viridis, Qa is a 

ubiquinone and Qg a menaquinone) and one non-heme iron. The three-dimensional 

structure of these reaction centres has been determined to 3A resolution by 

crystallisation and X-Ray diffraction [Deisenhofer et al. 1984 & 1985, Yeates et al. 

1988], as illusfrated in figure 1.6, which shows the relative position of the 

chromophores. Two of the BChl molecules are excitonically coupled together (often 

termed the 'special pair') to form the primary electron donor (P). 

The steady state absorption spectra of the reaction centres are shown in figure 1.7. 

The absorption spectrum of the Rps. viridis reaction centre is red shifted compared to 

Rb. sphaeroides as Rps. viridis binds bacteriochlorophyll-b molecules, whilst Rb. 

sphaeroides binds bacteriochlorophyll-a. 

Spectroscopic studies have shown that optical excitation of these reactions centres 

results in the following sequence of reactions [see figure 1.3, Rockley et al. 1975, 

Dutton et al. 1975, see reviews by Kirmaier & Holten 1987, Prince 1990]: 

i) transfer of the excitation energy to the primary electron donor in approximately 

l(X)fs, resulting in the formation of the singlet excited state of the special pair (P870* or 
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FIGURE 1.6: 

The structure of the prosthetic groups in the reaction centre of Rps. viridis , 

showing P960 (P), the monomeric bacteriochlorophylls (Bj^i and B l ) , the 

bacteriopheophytin (H^ and HjJ, the menaquinone (MQ) in the binding site and 

the non-heme iron (Fe) [from Deisenhofer et al. 1984]. The sub-scripts L and M 

indicate prosthetic groups ligated to the L and M polypeptides respectively. The centre-

to-centre distances are given in A with an accuracy of 0.2A. The dashed line marks the 

two-fold rotational symmetry axis. 
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FIGURE 1.7: 
Steady state absorption spectra of a) Rb. sphaeroides and b) Rps. viridis reaction 

centres (from Kirmaier & Holten 1987). Rb. sphaeroides were studied in a polyvinyl 
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P960*); 

ii) primary electron transfer from P* to BPhL in approximately 3ps yielding the 

primary radical pair state P"''BPhL (see section 6.2 for a discussion of the possible role 

of BCUl in this reaction); 

iii) secondary electron transfer from BPhj^ to ubiquinone, Q^, in approximately 

200ps, and then on to Qg in approximately 100|is. 

is normally only be reduced to the semiquinone, Q^", whilst Qg may become 

doubly reduced and protonated (as in equation 1.4) to form the quinol QgH2, at which 

point it unbinds from the reaction centre. Further details of the primary photochemistry 

of the bacterial reaction centres will be discussed where appropriate later in this thesis 

(chapter six and elsewha-e). 

A striking feature of these reaction centres is that while there is a symmetrical 

arrangement of the chromophores, with a two-fold rotational symmetry axis which runs 

from the special pair to the non-heme iron (see figure 1.6), the primary electron transfer 

reaction proceeds only along one active branch (the L branch). The significance of this 

symmetry axis remains unknown. 

1.4.4 A COMPARISON BETWEEN THE REACTION CENTRES OF 

PHOTOSYSTEM TWO AND PURPLE BACTERIA. 

There have been many discussions of the similarities and differences between the 

reaction centres of purple bacteria and PS 11 [Rutherford 1986, Barber 1987, Michel & 

Deisenhofer 1988, Marder & Barber 1989]. In this section, I will review the key 

points. In chapter eight I will discuss the relevance of the results presented in this thesis 

to this important issue. 

i) Sequence homology. There is a high degree of sequence homology between the 

D1 and D2 polypeptides of PS II and the L and M subunits of bacterial reaction centres 

[see Barber 1987, Michel & Deisenhofer 1988]. This is illustrated in figure 1.8 which 

shows diagrammatical representations of the organisation of the two reaction centres, 

from Barber [1987]. Specifically the a-helical structure appears to be similar for the 

two reaction centres, and the binding sites for the primary electron donors (P680 and 

P960), the non-heme iron and the quinone secondary electron acceptors are highly 

conserved. This sequence homology is the strongest support for P680 being a special 

pair of excitonically coupled chlorophyll molecules, similar to the bacterial primary 

electron donor (for further discussion see sections 4.1.2 and 4.4.2.2). The ligands for 

the accessory pigments are not conserved between the two photosystems, apart from 

one hgand to BPhL [Michel & Deisenhofer 1988]. 
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ii) Acceptor side homology. The primary and secondary electron acceptors of the 

two systems are similar biochemically and photochemically [see figure 1.3 and 

Rutherford 1986]. 

iii) Donor side homology. The secondary electron donor side of the two 

photosystems are not similar. The electron donor of PS II consists primarily of the 

tyrozine Z and the S states of the oxygen evolving complex; neither component is found 

in bacteria. Moreover, the oxidising potential of P680'*̂  is +1.17eV, much greater than 

the oxidising potential generated in bacterial reaction centres, allowing PS II to develop 

the oxidising potential to split water. There is evidence that there are additional electron 

donor pathways to rereduce P680''' under stress conditions, presumably aimed at 

harmlessly dissipating its considerable oxidising potential [Thompson et al. 1988, 

Telfer et al. 1990 & 1991, Hansson and Wrydrzynski 1990]. 

iv) Pigment composition. Apart from the obvious difference that PS II binds 

chlorophyll and pheophytin molecules, whilst the bacterial reaction centres bind 

bacteriochlorophyU and bacteriopheophytin, the pigment compositions of the two 

reaction centres are similar; although the isolated PS II reaction centre no longer binds 

the quinone secondary electron acceptors. This may be related to the absence in this 

preparation of a polypeptide with a similar function as the H subunit of the bacterial 

reaction centre. In addition the isolated PS II reaction centre appears to contain two 

extra chlorophyll and one extra carotenoid compared to the bacterial reaction centre, and 

is also associated with the cytochrome b559. 

v) Absorption spectra. The different pigments of the bacterial reaction centres have 

generally well resolved absorption maxima (see figure 1.7), and therefore well 

separated energies for their lowest singlet excited state. The absorption spectra of the 

pigments of the PS n reaction centre are overlapped (figure 1.4), with no clearly 

resolved peaks at room temperature. 

vi) Thermodynamics. Booth et al. [1990 & 1991] have shown that the 

thermodynamics of the primary radical pair state in PS 11 show strong similarities to the 

thermodynamics of this state observed in bacteria. 

vii) Stability. The Dl polypeptide exhibits an high rate of turnover in vivo [Mattoo 

et al. 1984], implying the constant reassembly of PS II subunits with freshly 

synthesised Dl, The photochemical mechanism which necessitates this high rate of 

turnover wiU be discussed in section 3.4. In contrast the bacterial reaction centre is very 

stable. This instability is also observed in vitro , the isolated reaction centre of PS II is 

less stable than the isolated bacterial reaction centre (see chapter three). 
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1.4.5 A STRUCTURAL MODEL FOR THE REACTION CENTRE OF 

PHOTOSYSTEM TWO. 

Figure 1.9 shows a diagrammatical representation of the reaction centre of PS II. 

This model is based in part upon spectroscopic studies of PS n preparations, in part 

upon the structure of the bacterial reaction centre and the homologies between the two 

photosystems, and in part upon educated guess work. This model has been a very 

useful representation of the PS n reaction centre. However, it must be appreciated that 

it is only a model, and throughout this thesis discussions of its validity will be a 

recurring theme. In particular, relatively little is known about the location and nature of 

the accessory pigments involved in primary charge separation process, as will be 

furthCT discussed in chapter seven. 

1.4.6 EXCITON COUPLING. 

Exciton coupling is the interaction of neighbouring pigment molecules caused by 

overlap of their molecular wavefunctions. Given the close proximity of pigment 

molecules in photosynthetic pigment / protein complexes, exciton coupling may have a 

considerable influence upon the photochemical properties of photosynthetic systems. 

Exciton coupling has been widely reviewed elsewhere, a good treatment of the basic 

concepts can be found in Cantor & Schimmel [1980], whilst Pearlstein [1981] has 

given a more in depth discussion of exciton coupling and its relevance to photosynthetic 

systems. 

The primary electron donor of bacterial reaction centres is a pair of excitonically 

coupled bacteriochlorophyll molecules, as will be further discussed in section 6.2. An 

issue of much current contention is whether P680 is also a pair of excitonically coupled 

chlorophyll molecules, as will be discussed in section 4.4.2.2. In order to put these 

discussions in context, it must be noted that exciton coupling may exist with varying 

strengths between different pigment molecules. To some degree, all of the porphyrin 

pigment molecules of the PS 11 reaction centre will interact with each other via exciton 

coupling. In addition, whilst the singlet state wavefunctions of two pigment molecules 

may be considerably perturbed by exciton coupling between the two molecules, this 

coupling may be greatly reduced when an excited state is generated such as a triplet or 

cation state. A more precise question is whether exciton coupling has a significant 

effect upon specific photochemical properties of intCTest of the pigments concerned. 
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FIGURE 1.9: 

Proposed structural model for the isolated PS II reaction centre, based upon the 

comparisons between PS II and purple bacteria (see figure 1.8 and section 1.4.4) [from 

Booth 1990]. Primary charge separation is shown by the solid arrow; the outlined 

arrow and ? indicates the possible electron transfer from the Tyr^ to P680+; ?'s by Qa 

and Fe2+ indicate that very low, if any, amounts of these species are present. The two 

chlorophylls marked by ? are included to agree with the stoichiometry which includes 6 

Chl-a's per two pheophytin [Gounaris et al. 1990], these chlorophylls appear to be 

energetically coupled to the electron transfer chain. 
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1.5 SPECTROSCOPIC STUDY OF PHOTOSYSTEM TWO IN VIVO 

AND IN VITRO. 

This thesis is describes a study of PS n using transient absorption spectroscopy. 

Transient absorption spectroscopy is one of many experimental techniques used to 

study the photosynthetic reaction centres. It is a particularly versatile technique in that it 

can observe processes occurring over a wide range of time scales, and characterise a 

host of transient states. The technique is introduced in section 2.2, and other studies of 

the transient absorption spectroscopy of PS II reviewed in sections 4.1, 4.4.3, 4.5.1 

and 7.2. 

From a spectroscopist's point of view, it is desirable to study a sample which is as 

simple, homogeneous and stable as possible, whilst still retaining the activity of 

interest The higher plant leaf is an extremely complex system, and it is very difficult to 

study the spectroscopic properties of PS n whilst it remains in vivo. There are now a 

wide range of biochemical procedures for preparing isolated PS II systems of varying 

degrees of complexity. These range from whole chloroplasts, to PS II enriched 

thylakoid membrane fragments (BBTs) to the isolated PS n reaction centre complex. 

It is clearly a matter of great concern that the isolation and resuspension procedure 

may cause some modification of the property of the preparation under study. One 

partial solution to this problem is to ensure that the isolated complex is resuspended in 

an environment as similar as possible to that present in vivo . For membrane proteins, 

detergents can play a similar role to the lipid membrane and prevent aggregation. The 

choice of the detergent at a particular concentration, and the choice of an appropriate pH 

and ionic strength can be all be critical. This issue will be further addressed in chapter 

three and section 4.6. 

Until 1987, spectroscopic studies of PS n were limited to PS II core or larger 

particles. By PS II core particles, I refer to complexes which retain the inner 

chlorophyll antenna apoproteins, but are isolated from the thylakoid membrane in such 

a way as not to retain the secondary light harvesting complexes. There are a wide 

variety of PS II core preparations [see Andersson & Styring 1991], some of which 

have retained the oxygen evolving complex and the ability to split water. The literature 

on the transient absorption spectroscopy of these complexes is large and sometimes 

confusing. For example, different groups have reported widely different lifetimes 

(5oops -32ns) for the primary radical pair state P680"'"Ph" in PS n core particles in 

which forward elecfron transfer to Qa is blocked [see Renger 1991, Hansson and 

Wrydrzynski 1990]. It is unclear whether this variation reflects differences in the 

antenna size, the activity of the oxygen evolving complex, or other experimental 

conditions such as the resuspension conditions. 
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The isolated PS n reaction centre complex has a much simpler photochemistry than 

the PS n core particles, as discussed above. The fewer antenna chlorophylls allow 

absorption changes associated with the reaction centre pigments to be monitored with a 

much higher signal to noise. Moreover, in PS n core particles, the rate of formation of 

the primary radical pair state following optical excitation is limited by the rate of 

trapping of the excitation energy by the reaction centre (hundreds of picoseconds [Nujis 

et al. 1986]); this rate is much slower than the underlying rate of primary charge 

separation (one picosecond, see chapter seven). Therefore in such large particles it is 

not possible to monitor directly the kinetics of the primary charge separation. This is, 

however, possible in the isolated PS II reaction centres, primarily because these 

particles have far fewer antenna chlorophylls, and therefore the relatively slow energy 

transfer kinetics do not mask the absorption changes associated with the primary charge 

separation (see chapter seven). 

Clearly the isolated PS 11 reaction centre complex in vitro is in a very different 

environment to that found in vivo . However, it is able to generate a primary radical 

pair state with a near unity quantum yield [Booth et al. 1990, see also section 4.3], and 

this reaction is the principle function of this reaction centre in vivo. It is therefore 

reasonable to suppose that the reactions involving the primary radical pair state in this 

particle will be similar to those occurring in vivo . In the future it will clearly be 

necessary to confirm this assumption by observing the same processes in larger, and 

therefore more complex, PS n particles. 

The model of the PS n reaction centre presented above (figure 1.9) suggests that 

the pigments involved in the primary charge separation process are embedded in the 

interior of the reaction centre complex. It is therefore possible that whilst the pigments 

and protein residues involved in the primary charge separation are reasonably 

undistorted by the isolation and resuspension procedure, more peripheral components 

may be rather more distorted and more sensitive to the details of the resuspension 

conditions. Possible components which may be rather more distorted include the P-

carotene, the quinone binding sites, the cytochrome b559 and the tyrozine Z and D. 

1.6 THIS THESIS. 

The aim of this Ph.D project was to use transient absorption spectroscopy to study 

the photochemistry of the isolated photosystem two reaction centre. Therefore the 

primary focus of this thesis is upon the primary charge separation in PS II and the 

pigments involved in this reaction. In addition, a kinetic model is presented of the 

electron and energy transfer pathways active in this reaction centre, based both upon 
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results presented in this thesis and the time-resolved fluorescence measurements of Dr 

Paula Booth and co-workers. I discuss the relevance of my results to current debates 

about the nature of P680 and the mechanism of photodamage of PS 11 in vivo . 

Throughout this thesis, comparisons are made between the PS n reaction centre and the 

reaction centres isolated from purple bacteria in order to highlight the similarities and 

differences between these two photosystems. 

Before commencing upon these studies, it has been necessary to build the 

appropriate transient absorption spectrometers. Chapter two therefore describes the 

construction of two spectrometers designed to observe the transient absorption kinetics 

of the isolated PS 11 reaction centres on time scales from femtoseconds through to 

milliseconds. 

Another essential prerequisite for meaningful spectroscopic studies of the isolated 

PS II reaction centre has been the preparation of a sample which is adequately pure, 

active and stable. This issue is addressed in chapter three. 

Chapter four presents results collected on time scales from nanoseconds to 

milliseconds, and discusses specifically the reactions proceeding from the primary 

radical pair state. Chapter five describes a short study aimed at reconstituting secondary 

electron acceptor function into the reaction centre complex. Chapter six reviews studies 

of the primary charge separation in bacterial reaction centres, whilst chapter seven 

presents a study of the primary charge separation in PS n on the picosecond time scale. 
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CHAPTER TWO: APPARATUS DEVELOPMENT 

2.1: INTRODUCTION. 

The aim of this Ph.D project is to study the electron transfer properties of the 

isolated Photosystem II (PS II) reaction centre, using transient absorption 

spectroscopy. This has required considerable apparatus development. 

The principle experimental apparatus for the studies reported in this thesis was a 

picosecond, and later a femtosecond, transient absorption (PTA and FTA respectively) 

spectrometer. This has been used to study one of the key electron transfer processes of 

PS II, namely the primary charge separation (discussed previously in section 1.3). In 

order to observe clearly the absorption changes caused by this electron transfer, it has 

been necessary to carry out major modifications tantamount to rebuilding the 

spectrometer. These improvements are described in section 2.4. Experiments using this 

spectrometer are described in chapter seven. 

At the start of my work, there was large gap in time resolution between the PTA 

spectrometer and the Single Photon Counting system of the Photochemistry Research 

Group, and the essentially steady state measurements of Professor Barber's AFRC 

Photosynthesis Research Group. Therefore, during the second year of my thesis work, 

I built a transient absorption spectrometer with a one microsecond time resolution 

(referred to in this thesis as the microsecond transient absorption (MTA) spectrometer). 

The spectrometer was further developed during the following year to achieve a one 

nanosecond time resolution. The development of this system is described in section 

2.3. Experiments using this spectrometer to study PS II reaction centres are described 

in chapters 3,4 and 5. 

2.2 TRANSIENT ABSORPTION SPECTROSCOPY 

2.2.1 THE TECHNIQUE. 

The technique of transient absorption spectroscopy was originally developed by 

Porter [1950], and is a powerful and widely used approach for studying the interaction 

of light with matter. The technique involves irradiation of a sample with a short, 

intense pulse of light and observing the resultant changes in the sample's optical 

38 



density. The change in optical density may be determined by observing the 

transmission of a second, weaker light pulse delayed by a fixed time relative to the 

exciting pulse. The 'probe' pulse may be 'white' light, and its transmission detected 

over a broad bandwidth either photographically or, more recently, using multichannel 

detectors. This technique, termed the pump/probe method, can yield information from a 

single pair of pulses over a broad wavelength range but only a single time delay. 

Temporal information is achieved by varying the time delay between the pump and 

probe pulses and repeating the experiment (see figure 2.8 for an example of typical 

data). For ultrafast (pico- to femtosecond) experiments, this time delay is generated by 

a physical difference in the pathlengths travelled by the pump and probe beams. Light 

travels only three millimeters in ten picoseconds, and therefore a pathlength difference 

of three millimeters corresponds to a time delay between the pump and probe pulses of 

ten picoseconds. The time resolution of an apparatus is limited only by the duration of 

the pumping and probing pulses, and is not limited by the response time of the 

detection electronics. Indeed, recent developments in ultrafast laser techniques have 

allowed pump/probe experiments with a time resolution of six femtoseconds to be 

performed [Fragnito et al. 1989]. 

Alternatively, the change in the optical density of the sample induced by the 

excitation pulse may be followed by continuously monitoring the transmission through 

the sample of a continuous, generally monochromatic, light beam. This technique 

yields information from a single flash at only a single wavelength but over a broad 

range of time delays after the excitation pulse (see for example figure 2.4). The time 

resolution of the method is normally limited by the response time of the detection 

electronics, which is currently limited to approximately 0.5 nanoseconds. However the 

apparatus required is much cheaper and easier to use than that necessary for ultrafast 

pump/probe spectroscopy, and it is easier to achieve high signal to noise levels. 

2.2.2 CONTRIBUTIONS TO THE OBSERVED CHANGE IN OPTICAL 

DENSITY. 

There are three potential contributors to the change in optical density observed upon 

the excitation of some molecules of the sample from their ground state to an 

electronically excited, metastable state. The ground state absorption bands of the excited 

molecules are bleached, this appears as a negative absorption change. There is a 

positive absorption change due to the appearance of the new absorption bands of the 

excited molecules. In addition, if the observed excited state is radiatively coupled to the 

ground state (i.e. the excited state is fluorescent), the probe pulse may stimulate 

radiative decay of electronically excited molecules to their electronic ground state, the 
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excess energy being transferred into the probe pulse. This process, termed stimulated 

emission, will appear as a negative optical density change. Generally, for fluorescent 

excited states, the stimulated emission band is as strong as the ground state absorption 

bleach, as the same Einstein coefficients are involved in both the absorption and 

stimulated emission processes. The stimulated emission will in general be both 

spectrally red shifted (due to a Stokes shift) and the mirror image of the corresponding 

ground state absorption band (see Klug 1988 for more details). 

Fluorescent states usually have lifetimes of less than ten nanoseconds. Therefore 

transient absorption experiments on microsecond or slower time scales only observe 

changes caused by the ground state bleach (negative), and the onset of excited state 

absorption (positive). Experiments on a picosecond time scale may in addition observe 

negative optical density changes caused by stimulated emission. 

2.2.3 THE CALCULATION OF CHANGES IN OPTICAL DENSITY. 

Both methods of transient absorption spectroscopy involve the detection of changes 

in the intensity of a monitoring light transmitted through the sample, these changes 

being caused by the excitation pulse. This change in light intensity can be converted 

into an optical density (OD) change. Optical density is defined as: 

OD(A) = Log(Ii(A)/Io(A)) 2.1 

where li is the intensity of the incident radiation, Iq the intensity of the transmitted 
radiation and X the detection wavelength. If IqI and ODi are the transmitted intensity 
and optical density before the excitation flash, and Io2 (t) and OD2 (t) the transmitted 
intensity and optical density at a time, t, after the excitation, then the change in optical 
density, AOD, induced by the excitation pulse is given by; 

AOD(t) = OD2(t)-ODi=Log(Ii /Io2(t)) - L o g d i / I o l ) 2.2 

AOD(t) = Log(Ioi/Io2(t)) 2.3 

In pump/probe experiments, what is generally monitored is the transmitted 

intensities of the probe pulse with the pump pulses either blocked or unblocked. These 

intensities correspond to IqI and Iq2 respectively, and hence AOD (t) is calculated 

using equation 2.3 above. 

However in continuously monitored experiments, as carried out by the MTA 

spectrometer, what is most conveniently measured is the transient change in transmitted 
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light intensity, 51, and the total transmitted intensity prior to excitation, For all the 

experiments using the MTA spectrometer described in this thesis 51 « Iq, the largest 

intensity change being approximately 2 x 10"2. in this limit Iq2 (t) = IqI - 51 (t) and 

IqI Io2 " Io? equation 2.3 then approximates to 

AOD(t)»( l / 2 . 3 0 3 ) x ( 5 I ( t ) / I o ) . 2.4 

Equation 2.4 is valid to within experimental error for all optical density changes 

observed in this thesis using the MTA spectrometer. 

The optical density of a sample with a single optically active species is 

OD(X) = E(X)C1 2.5 

where £ (X) is the molar extinction coefficient of the species at the wavelength X, c the 

molar concentration of the species and 1 the optical pathlength. Hence in transient 

absorption experiments 

AOD (A) = Xi £i (A) x 5ci X1 2.6 

where e[ (X) is the molar extinction coefficient of the species i at the wavelength A, and 

5ci the change in concentration of the species i caused by the excitation pulse. For a 

simple two state system, where on the time scale of observation there is only one 

transient species photoinduced by the excitation, equation 2.6 reduces to 

AOD (A) = (et (A) - Eg (A)) x 5c x 1 2.7 

where Eg (A) is the molar extinction coefficient of the ground state species at the 

wavelength A, ê  (A) the molar extinction coefficient of the transient species and 5c the 

molar concentration of ground state converted to the transient state by the excitation. 

Hence, if Et and Eg are known (or the difference between them (Et - Eg)), observation of 

the change in optical density of a sample yields quantitative information about the 

transient concentration of excited species induced in the sample by the excitation pulse. 

2.2.4 NOISE LEVELS IN TRANSIENT ABSORPTION EXPERIMENTS. 

A crucial consideration when conducting transient absorption experiments is the 
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achievable signal to noise. For the biological samples studied in this thesis, the signal 

amplitude (in terms of AOD) is limited not by the intensity of the excitation pulse, but 

by the need to use a sufficiently low excitation intensity to avoid multiphoton 

absorption by individual reaction centres (this criterion is particularly critical for the 

ultrafast experiments). The signal amplitude is defined only by the transient absorption 

properties of the biological sample and not by the transient absorption apparatus itself. 

Therefore the noise characteristics of the apparatus described in this thesis are discussed 

in terms of absolute noise levels rather than signal to noise, and quantified in terms of 

channel to channel peak fluctuations in units of AOD. 

Noise, which is random, should be distinguished from interference, which is not. 

Data averaging reduces noise (the noise level in AOD goes down as /N, where N is 

the number of measurements), but does not reduce flash-correlated interference. 

Interference may often be reduced by the subtraction of a background data set which 

contains the same interference, but does not include the absorption transient of interest. 

An example of interference is radio frequency ringing induced each time the excitation 

laser fires in the MTA spectrometer. 

Noise which is channel correlated is more difficult to average away, particularly if 

the noise has a similar channel scale as the feature of interest. For example, background 

lighting may induce a lOOHz modulation on Iq in equation 2.4 above, when using 

continuous monitoring. This will not significantly affect data collected on a 

microsecond time scale, but is a considerable problem when studying transients with 

lifetimes of tens of milliseconds. The frequency spectrum of noise will further be 

considered in relation to data averaging on the PTA spectrometer in section 2.4.3.4. 

Transient absorption experiments involve the detection of small changes (dl) in the 

intensity (Iq) of the probing light. Therefore, the stability of this probe light is critical. 

Fluctuations in the pump intensity modulate 51 rather than Iq and as 51« Iq, the stabiUty 

of the pump intensity is generally less critical. 

2.3: CONSTRUCTION OF NANOSECOND TO MILLISECOND 

TRANSIENT ABSORPTION SPECTROMETER. 

2.3.1: INTRODUCTION. 

The microsecond transient absorption (MTA) spectrometer was built in order to 

accomplish two principal functions. One was to study the nanosecond to millisecond 

transient absorption characteristics of the biological systems under investigation as an 

end in itself. This filled a gap between the picosecond/nanosecond time resolution of 
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the pump/probe and single photon counting apparatus of the photochemistry group and 

the steady state experiments carried out in Professor Barber's group. In addition a 

system was needed quickly to assay, and allow optimisation of, the state of the 

biological preparations, prior to much more time consuming studies using the 

Pump/probe and SPC equipment. Optimising such experimental conditions as detergent 

concentration had proved to be major problem in the past [Ide et al. 1987]. 

Therefore the system was developed with the following specific aims in mind: 

1) A time resolution of better than 5 nanoseconds. The pump/probe spectrometer 

can operate at time delays of up to 6 nanoseconds, and this would then allow all time 

scales to be covered. In particular, it was hoped to study the decay of the primary 

radical pair in the reaction centre of photosystem n (see section 4.1), and this had been 

observed to have a lifetime of approximately 37 nanoseconds [Danielius et al. 1987, 

CrystaU et al. 1989]. 

2) Optimum signal to noise. Similar transient absorption spectrometers in other 

laboratories observe optical density changes of 10"3 to 10"4. The system was 

developed in order to achieve at least as good a signal to noise. Noise levels have been 

further improved as experiments have required and optical density changes of 10"^ can 

now be studied. 

3) Reliable and fast operation. The system has been developed in order to allow a 

large number of experiments to be carried out quickly and conveniently, in contrast to 

the pump/probe and SPC systems which are very time consuming and difficult to 

operate. 

4) Ease of use. A number of people now use this apparatus, some of whom are 

primarily biologists with little or no experience in transient spectroscopy. Therefore it is 

essential that the day to day operation of the apparatus is as simple as possible. 

5) Low cost of construction. A major advantage of this system is that its 

components are much cheaper than those used in the pump/probe and SPC systems. In 

addition, Dr Chris Bamett has been able to build most of the required electronic 

systems, greatly reducing the cost of the apparatus. 
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FIGURE 2.1: 

A schematic of a typical flash photolysis system, such as the microsecond transient 

absorption spectrometer. 
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2.3.2 PRINCIPLE OF OPERATION. 

A schematic of the MTA spectrometer is shown in figure 2.1. The moriochromator 

allows the changes in transmitted light intensity to be monitored as a function of 

wavelength. The transient changes in light intensity are digitised, stored and averaged 

over successive flashes. 

The time resolution of the system is limited, in principle, by the speed of the 

detection and data collection electronics and/or the duration of the excitation flash. In 

the present system the three nanosecond rise time of the storage oscilloscope limits the 

system's optimum time resolution. However in practice the time resolution is limited by 

the need to achieve adequate signal to noise and problems caused by the fluorescence 

emitted by the sample. 

The biological preparations under study have fluorescence quantum yields of the 

order of (1-5)%, with fluorescence lifetimes typically between one hundred 

picoseconds and tens of nanoseconds. The optical geometry of the MTA spectrometer 

as developed and described in section 2.3.3 results in a transient caused by the 

fluorescence and/or laser light scatter which is two to four orders of magnitude greater 

than the transients caused by the optical density changes under study. When observing 

absorption transients on time scales much longer than the duration of the fluorescence 

flash, the time resolution of the system is determined by the speed at which the 

detection and amplifier electronics recover from the saturating fluorescence transient. 

However this recovery rate is limited by the necessity of using a large photodiode load 

resistor in order to reduce the high frequency pre-amplifier noise (see section 2.3.3f) 

Hence a compromise is necessary between the time resolution of the MTA spectrometer 

and its high frequency signal to noise, which for the spectrometer described in section 

2.3.3 results in an effective time resolution of the order of l^s. 

If, however, the absorption transients under observation are on the same time scale 

as the fluorescence lifetime (i.e. nanoseconds), it is necessary to make the absorption 

transient greater in magnitude than the fluorescence transient. This required redesigning 

the monitoring light source and/or the detection optics and will be discussed in section 

2.3.5. 

2.3.3 DETAILS OF THE MICROSECOND TRANSIENT ABSORPTION 

SPECTROMETER. 

The optical layout of the MTA spectrometer, as finally completed, is shown in 

figure 2.2, and a schematic diagram of the electronic circuitry shown in figure 2.3. This 
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FIGURE 2.2: 

The optical layout of the microsecond transient absorption spectrometer. Also shown is 

the laser diode based nanosecond spectrometer. The light pipe can transmit the nitrogen 

laser pulses to either sample holder. The nitrogen laser is mounted on a separate table 

suspended above the main table. 
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FIGURE 2.3: 

A diagram of the detection electronics used in the microsecond transient absorption 

spectrometer (DVM refers to a digital voltage meter). 
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system was developed in stages from the previous millisecond transient absorption 

system and some of the key factors influencing its design are discussed below. This 

basic design is unlikely to be developed further in the near future. 

The excitation source: 

alThe Nitrogen Laser. 

A LNIOOO Megaplus Nitrogen Laser manufactured by PRA, Canada. This is a 

source of 800ps laser pulses at a wavelength of 337nm, a pulse energy of (l-2)mJ and 

a repetition rate of up to 20Hz. 

This laser was chosen for its ability to produce sub-nanosecond pulses with an 

adequate pulse energy, whilst also being relatively cheap and easy to operate. The pulse 

to pulse energy variation of the laser is approximately +10%. However, this instability 

only causes fluctuations in the size of the transients observed rather than in the 

measuring Light (i.e. in 61, not Iq), any variations due to this instability are insignificant 

compared to other sources of noise discussed below. 

The principle problem with this laser is the wavelength of the emitted pulse. 337nm 

is potentially more damaging to the biological samples under study than visible light, 

although most protein absorbs only weakly at this wavelength. This wavelength may 

prove particularly to be a problem when studying reactions involving quinones, some 

of which I absorb strongly at 337nm. If this is found to be the case, a dye laser 

attachment for the LNIOOO can be purchased. This will provide a variable wavelength 

source of approximately lOO îJ excitation pulses. 

b) Liquid Light Guide. 

A liquid filled light pipe is used to transmit the excitation pulse to the sample holder. 

The light guide has a transmittance at 337nm of 30%, resulting in pulse energies of 

approximately 0.5mJ at the sample. The output beam ft-om the nitrogen laser is 

potentially blinding, and this beam is therefore focussed into the light guide in an 

enclosed volume immediately in front of the laser. The output from the light guide is 

highly divergent and therefore effectively harmless apart from minor effects due to its 

soft ultraviolet wavelength. Moreover, the output from the light guide has a more 

homogeneous cross-sectional shape than the output beam from the nitrogen laser; the 

use of the light pipe therefore results in a more uniform excitation of the sample. In 

addition the use of the light pipe has facilitated the development, alongside the MTA 

spectrometer, of the laser diode based spectrometer (see section 2.3.5). 

The monitoring optics: 
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c) Monochromator 1. 

A M300 Applied Photophysics high radiance monochromator reduces the 

bandwidth of the monitoring light reaching the sample. This reduces both irreversible 

photodamage of the sample and any reversible changes in the state of the sample 

induced by monitoring light 

d) Monochromator 2. 

This provides the bandwidth resolution of the system. Variable slit widths give 

detection bandwidths of 2nm, 4nm and approximately 15nm. The monochromator also 

reduces the intensity of fluorescence and laser light scatter reaching the photodiode by 

several orders of magnitude, depending upon the wavelength used. 

e) Optical mounts. 

All optics are held in position by magnetic bases clamped to a steel plate. Initially 

vibrations were triggered in the steel plate by the firing of the nitrogen laser, and these 

resulted in approximately lO"^ (AOD equivalent) of low frequency interference. 

Mounting the laser upon an isolated table removed these coupled vibrations, improving 

the low frequency noise and/or interference level to better than 10"^. The principal 

source of low frequency noise now appears to be music from a band rehearsal room 

situated 10 meters down the corridor from the laboratory! 

The detection electronics: 

f) Photodiode and voltage amplifier. 

The MTA spectrometer uses a silicon photodiode and custom built two stage 

voltage amplifier. As these components are crucial in determining the system's time 

resolution and high frequency signal to noise, they will be discussed in rather more 

detail. The development of these components has principally been carried out by Dr 

Chris Bamett. 

An earlier version of the spectrometer used a photomultiplier (PM) tube to detect 

changes in the monitoring light intensity. However, the PM was found to be unable to 

recover sufficiently quickly from the saturating fluorescence flash, and to have an 

insufficiently stable gain. Both these problems were greatly reduced by replacing the 

PM with a photodiode. 

The principal difficulty with using a photodiode is that it has no inherent gain, one 

photon absorbed results^ current of one electron. Therefore the generation of a large 

voltage without amplification requires the use of a large load resistor. However 

photodiodes have significant junction capacitances. This is particularly the case for the 

large area (approximately 0.16cm^) photodiode needed to collect the monitoring light 
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efficiently. Increasing the photodiode's load resistor results in a RC circuit whose time 

constant quickly limits the system's time response. Reducing the load resistor 

necessitates the use of more voltage amplification, and the system's signal to noise 

becomes limited by preamplifier dark current noise. A compromise between these two 

restraints is complicated by the need to avoid ringing in the preamplifier which is often 

induced by the use of a load resistor larger than 50Q. This problem can be alleviated by 

operating the preamplifier as a current amplifier, this design has a faster and more linear 

response than voltage amplifiers for the same value of load / feedback resistor (Hamstra 

&Wendland 1972]. 

The amplifier as finally developed is a two stage amplifier with a 22,000kn 

preamplifier feedback resistor, as shown in figure 2.3. The preamplifier is situated 

adjacent to the photodiode in order to minimise the parallel capacitance. A variable dc 

bias voltage is applied between the preamplifier and second amplifier stages in order to 

offset the dc voltage caused by the constant monitoring light, this voltage would 

otherwise cause saturation of the second amplification stage. A digital voltage meter 

(DVM) reads the dc voltage output of the preamplifier (Vq). The single flash unfiltered 

noise has a peak to peak magnitude equivalent to 10'^ AOD and the system's response 

time is 200ns. The overall amplifier gain is equivalent to a 4.7Mn load resistor. 

The amplifier is not adversely affected by the saturating fluorescence flash, 

recovering with a 200ns time constant, followed by a small Ips component 

(approximately 50mV, equivalent to a AOD of approximately 5 x 10"^). Diodes limit 

the amplifier's output to ± 0.4V as larger voltages were found to cause the storage 

oscilloscope to crash on its more sensitive scales. The amplifier has two parallel 

outputs. One is unfiltered, the other has a low pass electronic filta" with a time constant 

variable between Ijis and lOps in order to reduce preamplifier noise when the full 

response bandwidth is not required. 

Digital Storage Oscilloscope (DSO). 

A Gould 4071 oscilloscope digitises, averages and stores the amplified transient 

signal. The oscilloscope has a lOOMHz amplifier, a 8 bit analogue to digital converter 

with a maximum rate of 400Msamples/second and a 1000 channel memory. This 

oscilloscope has proved both user friendly and adequate for the task required of it 

ĥ  Computer analysis. 

Recently, Martin Bell has succeeded in linking up a Dell microcomputer to the 

Gould oscilloscope. This now allows the permanent storage of data on hard and floppy 

discs, the use of a more efficient averaging routine, and access to advanced data 

analysis packages. The use of these data analysis packages is discussed in section 

2.4.5.5. 
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2.3.4 ROUTINE OPERATION OF THE MICROSECOND TRANSIENT 

ABSORPTION SPECTROMETER. 

The MTA spectrometer as it now stands bears very little resemblance to the original 

system. Only the tungsten lamp and a monochromator remain in use. The time 

resolution has been improved from approximately 3 milliseconds to 1 microsecond for 

general use. The noise level has improved to approximately 10"^ (AOD), after 

approximately three minutes signal averaging. Unwanted transients induced by 

fluorescence or lasCT light scatto" are readily subtracted from the data. 

Lumiflavin (50|iM dissolved in water, pH 7) , has been found to be a suitable 

standard for the MTA spectrometer in order to ensure repeatable operation of the 

apparatus from day to day. Excitation of lumiflavin results in the formation of a triplet 

state which can be detected as positive absorption change caused by the appearance of a 

strong triplet-triplet absorption band at around 690nm. A typical data set is shown in 

figure 2.4, the data is shown before fluorescence subtraction. For the initial 0.6|is 

following the excitation, the fluorescence is off scale on the oscilloscope, and the 

subtraction of the fluorescence is unable to recover the real transient absorption data. 

However, for times greater than 0.6jis, all the data is on scale, and the subtraction of 

the fluorescence yields the real transient absorption decay. From this data it can be 

observed that the exponential lifetime of the lumiflavin triplet state is approximately 

lOps (observed at 4^0, the lifetime is diffusion controlled and therefore temperature 

dependent). Lumiflavin has been found to be stable over several weeks when stored in 

solution in a fridge, and the absorption changes observed in figure 2.4 are 

quantitatively repeatable. 

The data collected by the oscilloscope is readily converted to units of AOD using 

equation 2.8 as follows. The data ( V (t)) is collected by the oscilloscope in millivolts; 

V (t) is proportional to the change in intensity dl (t) used in equation 2.4. A digital 

voltage meter monitors the dc voltage output of the preamplifier, Vq (see 2.3.3i above), 

which is proportional to Iq. It therefore follows from equation 2.4 that: 

AOD(t)«( 1/2.303 ) x a x ( V ( t ) / V o ) 2.8 

a is a proportionality factor, which for the current system has been determined to be 

0.0047. 

The MTA spectrometer is now used by several people, giving repeatable results and 

requiring very little maintenance. A parallel system has recentiy been developed with a 

one nanosecond time resolution, this will now be described. 
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1 

F I G U R E 2.4: 

The transient absorption change observed at 690nm after excitation of lumiflavin with a 

0.45mJ, 337nm pulse. The signal is the average of 32 flashes (a data collection time of 

approximately 10 seconds), and is taken before fluorescence subtraction. The arrow 

indicates zero time. Lumiflavin was dissolved at 50|iM concentration in water, pH 7 at 

40c. The absorption change is caused by the formation of the lumiflavin triplet state, 

which then decays with a 10 |is lifetime. 
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2.3.5 FURTHER DEVELOPMENTS LEADING TO A ONE NANOSECOND 

TIME RESOLUTION. 

These developments have been primarily carried out by Dr Chris Bamett, with 

some assistance from myself, they will tho-efore only be briefly described here. 

If a nanosecond time resolution is to be achieved, it is necessary to ensure that the 

transient absorption signals observed by the detection photodiode have a greater 

amplitude than both fluorescence 'artifacts' (see section 2,3.2) and the high frequency 

preamplifier noise. This cannot be achieved using a standard tungsten lamp as the 

monitoring light source. Using the set up described in section 2.3.3, the fluorescence 

and/or laser light scatter is two to four orders of magnitude (depending on wavelength) 

greater in amplitude than the transient absorption signals of interest. 

There are two principle approaches to solving this problem. One solution is to keep 

the optical set up approximately as in section 2.3.3 above, but to increase the 

monitoring light intensity by several orders of magnitude. This can be achieved by 

using a Xenon flash lamp as a source of monitoring light. The intense flash can be 

shaped by appropriate electronics to ensure a relatively flat top temporal shape, with the 

intensity varying little over approximately Ifis either side of its peak. This provides an 

intense monitoring light source over a 2|is period, during which time the excitation 

pulse can excite the sample and create the nanosecond transient absorption changes of 

interest. 

This approach has been used by at least two other groups to study PS II [Takahashi 

et al. 1987, Schlodder & Brettel 1988]. However, whilst the principle is relatively 

simple, in practice the technique is more difficult In particular, the detection electronics 

have to be sufficiently fast and sensitive to observe the nanosecond transients of 

interest, whilst avoiding being saturated by the intense microsecond Xenon flash during 

the time range of interest. Martin Bell developed a preliminary set up during his MSc 

project in 1989, and used this to observe the decay of the primary radical pair in PS II 

reaction centres with a lifetime of approximately 37ns. However the data had a poor 

signal to noise and Dr Chris Bamett is currently engaged in improving this. 

The use of a Xenon flash lamp in principle allows nanosecond absorption data to be 

collected over a wide range of wavelengths. An alternative, and much simpler 

approach, is possible if one requires transient absorption data at only a single 

wavelength. This simpler approach involves the use of a laser diode as the monitoring 

light source. This has the dual advantages of being significantly more intense than the 

tungsten lamp, and of being readily focused to a millimetre spot several metres from the 

focussing lens. This allows the detection photodiode to be mounted approximately two 
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FIGURE 2.5: 
The flash induced absorption changes observed at 825nm in PS U reaction centres on a 

nanosecond time scale, using the laser diode as the monitoring light source. The data is 

shown after the subtraction of radio frequency interference caused by the firing of the 

nitrogen laser. The 10% to 90% response time of the system is approximately 3ns, the 

data is the average of 100 flashes (a data collection time of 33 seconds). 
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metres from the sample, without any intervening focussing lenses. Such an optical 

arrangement results in a solid angle for fluorescence collection of only 10"^, an 

improvement of up to four orders of magnitude on the optical arrangement necessitated 

by the use of an incoherent light source such as a tungsten lamp. The laser diode used 

in the current apparatus emits at 825nm, and a bandpass filter can therefore block most 

of the fluorescence, whilst transmitting the laser diode beam. 

The apparatus yields high quality transient absolution data with a response time of 

3ns. Typical data is shown in figure 2.5 where it can be seen that the data clearly has a 

good signal to noise. The analysis of this data is discussed in section 4.3. Moreover, 

the apparatus involves remarkably few optical components, and the detection 

electronics, whilst by no means trivial, are not particularly sophisticated. The apparatus 

can also be used to study nanosecond fluorescence transients simply by blocking the 

laser diode and removing the bandpass interference filter, although the time resolution 

and signal to noise are much worse than those achieved using the much more complex 

single photon counting apparatus. This relatively simple and cheap system is therefore 

proving very useful and versatile and allows the routine monitoring of the radical pair 

yield and recombination kinetics in the PS II reaction centre preparation. 

2.4 T H E P I C O S E C O N D I FEMTOSECOND TRANSIENT 

ABSORPTION SPECTROMETER. 

2.4.1 INTRODUCTION. 

The picosecond transient absorption (PTA) spectrometer used in my work was 

originally built by Tom Doust and Bryson Gore [Gore 1987]. At the commencement of 

my Ph.D project it had a time resolution of 6ps and a noise level equivalent to a AOD > 

0.0025 after approximately ten minutes averaging at a single time delay. Preliminary 

experiments on the PS II reaction centre preparation carried out by Dfs Linda Giorgi 

and David Klug had indicated that the primary charge separation occurred in (l-5)ps, 

faster than the time resolution of the PTA spectrometer at that time [Klug 1988]. This 

conclusion seemed plausible as the primary charge separation in the bacterial reaction 

centre had been observed to occur in approximately 3ps (see section 6.2) Therefore at 

the start of my Ph.D project, it was decided to improve the time resolution of the 

system to less than one picosecond. This improvement, which is described in section 

2.4.3, turned out to be rather more difficult than initially expected, and took up much of 

the first year of my Ph.D. 

During the course of the three years study for my Ph.D thesis, there was 
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considerable controversy over the interpretation of data from transient absorption 

studies of the primary charge separation in the reaction centres of purple bacteria (see 

section 6.2 and references therein). In addition, my studies of the PS 11 reaction centres 

using the PTA spectrometer suggested that absorption changes indicative of primary 

electron transfer WCTC significantly smaller in amplitude for PS II reaction centres than 

for the reaction centres of purple bacteria. These two factors led to the conclusion that 

major modifications to the PTA spectrometer would be necessary in ordor to observe 

the primary charge separation process in PS II (see section 2.4.4 for details). These 

modifications were carried out during the final year of my Ph.D period and are 

described in section 2.4.4. 

The operation of the PTA spectrometer is too complex and time consuming to be 

efficiently carried out by one person. Therefore I worked on the spectrometer alongside 

Dr Linda Giorgi for the first two and a half years of my PhD; after this I was assisted 

by a new Ph.D student, Gary Hastings. In addition, Dr David Klug has been closely 

involved in the changes made to the spectrometer, particularly with the introduction of 

the CPM dye laser and the Copper Vapour laser. 

2.4.2 THE ORIGINAL PICOSECOND TRANSIENT ABSORPTION 

SPECTROMETER. 

The following description of the PTA spectrometer, as it existed at the 

commencement of this Ph.D, is based largely on the thesis of Dr David Klug [1988]. 

The spectrometer had several components. A synchronously pumped dye laser 

produced a train of 3ps, modelocked pulses which effectively defined the optimum time 

resolution of the system. These modelocked pulses were then amplified at a relatively 

low repetition rate by a factor of approximately 200,000 using a series of dye 

amplifiers. Finally the train of amplified pulses was split into two separate pump and 

probe beams. The pump beam travelled down an optical delay arm of variable length, 

and the two beams were then co-linearly superimposed in the sample. The delay arm 

allowed the introduction of a variable time delay between pump and probe pulses; the 

pump pulse could precede the probe pulse by up to six nanoseconds, corresponding to 

a physical path difference of approximately two metres. The transmitted intensity of the 

probe beam was monitored at a fixed time delay in order to obtain the change in optical 

density of the sample induced by the excitation pulse (see also section 2.2). The time 

resolution of the PTA spectrometer was approximately 6ps, defined as the 10%-90% 

rise time of the transient absorption change observed for a quasistatic excited state (for 

example the singlet excited state of monomeric chlorophyll in solution). This definition 

of time resolution is used throughout this thesis, unless otherwise stated. 
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The spectrometer differed from a conventional laser pump-probe apparatus in one 

important aspect. The reason for amplifying the train of picosecond pulses by a factor 

of one million was that when such amplified pulses are focussed into certain media 

above an intensity threshold, processes such as self-phase modulation (SPM), 

parametric four wave mixing and raman scattering combine to broaden the pulse 

spectrally. This process, termed continuum generation, generates probe pulses which 

extend spectrally from 400nm to 800nm, but which retain the ultrashort temporal 

characteristics of the input pulse. The intensity of the probe pulses transmitted by the 

sample were monitored by a multichannel detector via a spectrograph, allowing changes 

in optical density to be measured simultaneously over a large spectral range. 

Figure 2.6 shows a schematic of the spectrometer. The primary laser was a large 

frame mode-locked Argon ion laser (Coherent model CR12). This laser synchronously 

pumped a two jet, linear cavity, dye laser, based on an old Coherent 599 folded cavity 

dye laser, with attached cavity dumper. Rhodamine 6-G was used as the gain medium, 

and DODCI as the saturable absorber, glycol was used as the solvent for both jets. This 

dye laser yielded a train of 5nJ pulses with a repetition rate of 4MHz and pulse length 

of typically 3ps at a wavelength of approximately 605nm. 

The modelocked pulse train was then amplified at lOHz by a series of four flow cell 

dye amplifiers. The excitation source for these amplifiers was a frequency doubled, Q-

switched Neodimium; Yittrium Aluminium garnet (Nd:YAG) laser (Quantel YG 580), 

operating at lOHz. The low repetition rate of the Nd:YAG laser resulted in only one dye 

laser pulse in every 400,000 being amplified; these pulses were, however, amplified by 

a factor of approximately 200,000. Kiton Red was used as the gain medium in the first 

amplifier, Rhodamine 101 in the others, and the solvent was water based. Between the 

second and third amplifiers there was a saturable absorber assembly based on jet of 

glycol containing malachite green. This saturable absorber served the dual role of 

absorbing the unamplified pulses and reducing the coupling of amplified spontaneous 

emission (ASE) between the amplifiers. 

The white light continuum probe pulses were generated by focussing the amplified 

beam into a H2O/D2O mixture in a quartz cell, after 10% of the amplified beam had 

been split off from the pulse train to form the pump beam. The sample area comprised 

both reference and sample arms, half the intensity of both the pump and probe beams 

were transmitted co-linearly down each arm. In the sample arm both beams were 

focussed into the sample, resulting in a sufficient pump intensity to excite the sample, 

whilst in the ref^ence arm the beams were not focussed into the sample, resulting in a 

negligible excitation intensity. The probe beam detection apparatus comprised an 

Applied Photophysics 0.25m grating spectrometer which dispersed the continuum 

across the target area of a Princeton Applied Research SIT vidicon tube (model 1254-
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F I G U R E 2.6: 

A diagram of the picosecond transient absorption spectrometer, as it existed at the start 

of this Ph.D.The following abbreviations are used: CGC, continuum generation cell; 

RC, reference cuvette; SC, sample cuvette; A#, amplifier cell number #; SA, saturable 

absorbCTjet. 
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S20). The reference probe beam was imaged directly below the sample probe beam, the 

vidicon camera detected their intensities independently. The vidicon camera was 

interfaced to an optical multichannel analyser and microcomputer. 

The calculation of optical density changes. 

In single track operation, where the reference arm was not used, the AOD spectrum 

could be calculated directly from equation 2.3. The transmitted probe intensity was 

averaged over typically 400 pulses with the pump beam blocked (IqI), and then the 

pump unblocked and the measurement repeated (Io2)- Background data, collected as 

above but with the probe beam blocked, was always subtracted from the initial data 

before calculating the AOD spectrum. 

However, considerable signal averaging was required due to pulse to pulse 

variations in continuum intensity, these variations typically being a factor of two or 

more. Noise generated by these continuum fluctuations was reduced by simultaneously 

monitoring the transmitted intensity of the reference probe beam (Ij-i and 1̂ 2)- the 

reference sample was effectively unpumped, in the absence of noise, = Ir2-

Therefore, from equation 2.3: 

AOD (A,t) = Log ( l o l (A) / Io2 (^^t) ) = Log(Ri (X) / R] (X,t)) 2 .9 

where Ri (A) = ( IqI (X) / Irl (X)), and R2 (A,t) = (Io2 / \ 2 W )• The positive 

correlation between the noise fluctuations in IqI (A) and Ij-j (A), and also between Iq2 

(A,t) and Ij-2 (A), resulted in a significantly reduced AOD noise level relative to single 

arm operation. The ratios R j and R2 were determined for each data collection channel 

individually. The use of a reference arm typically reduced noise levels by a factor of 

only two to four, much less than its theoretical optimum performance. This will be 

further discussed in section 2.4.3.4. 

2.4.3 OPERATION AND INITIAL IMPROVEMENTS TO PICOSECOND 

TRANSIENT ABSORPTION SPECTROMETER. 

Several modifications to the PTA spectrometer were carried out during the first two 

years of my Ph.D work, these principally involved an improvement of the system's 

time resolution. The PTA spectrometer's time resolution is limited by the length of the 
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optical pump and probe pulses incident upon the sample. Two approaches were taken 

to shorten these pulses: the incorporation of an optical pulse compressor and the 

shortening of the output pulses from the old dye laser. In addition it was found to be 

necessary to carry out some alterations to the amplifier chain. The final outcome was a 

shortening of the system's time resolution from 6ps to <lps. These various approaches 

will be briefly described in chronological order. The final specifications of the 

spectrometer are shown in table 2.1. 

2.4.3.1 Pulse compression. 

The first approach used to shorten the time resolution of the PTA spectrometer was 

to insert a pulse compressor between the dye laser and the amplification chain. The dye 

laser produced pulses of approximately 3ps duration, the amplifier chain broadened 

these pulses to approximately 6ps. By compressing the pulses down to <500fs prior to 

the amplifier chain, it was hoped to achieve a sub-picosecond time resolution. 

The theory of pulse compression is well understood [Tomlinson et al. 1984], and 

the design of pulse compressors well documented [Stolen et al. 1984]. In brief, the 

pulse is passed down an optical fibre, where the non-linear refractive index at high peak 

intensities causes, in the time domain, the centre of the pulse to be delayed relative to 

either wing. This process, termed self-phase modulation, is essentially the same 

process as that which contributes to continuum generation (see section 2.4.2). When 

combined with the group velocity dispersion of the optical fibre, this results in an 

output pulse with an approximately linear variation of phase with optical frequency, 

often termed a chirp. The output pulse is thus spectrally broadened, with red 

components created at the leading edge and blue at the rear (see fig 2.7a). Subsequent 

anomalous dispersion of the pulse, delaying the red components relative to the blue, 

can temporally converge the different frequency components. Anomalous dispersion 

can be generated by a pair, or preferably two pairs, of either brewster angle glass 

prisms or difft^ction gratings [Fork et al. 1984, Kafka et al. 1987, Treacy 1969]. This 

ideally results in a transform limited, compressed output pulse which, due to its broader 

frequency spectrum, is temporally significantly shorter (the frequency spectrum of a 

pulse and its optimum or 'transform limited' temporal profile are inversely related by 

Heisenberg's uncertainty principle). 

The pulse compressor used in the spectrometer consisted of Im of polarisation 

preserving optic fibre, followed by a single, double pass diffraction grating system to 

produce the anomalous dispersion. The use of a single grating had the advantage of 

being cheap, but however produced some beam aberration: the different wavelengths of 

the output pulses were spatially separated across the beam's cross-section. 
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FIGURE 2.7: 

a) The temporal profile of the dye laser pulse before pulse compression, output from 

the optical fibre (broadened both temporally and spectrally) and the final output pulse 

after the dispersion compensation (temporally compressed and spectrally broadened). 

See text for details. 

b) A representation of gain saturation. Shown are temporal profiles of a dye laser pulse 

before and after passage through an amplifier cell operating in gain saturation. The 

leading edge of the input pulse is preferentially amplified, resulting in the pulse being 

temporally broadened. 
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Under optimum conditions, the pulse compressor produced pulses of 300fs from 

input pulses of 1.5ps, which approached its theoretical optimum performance. It was 

routinely possible to produce 750fsec pulses with 10-15% efficiency. However the 

output beam had a very poor cross-sectional shape, making amplification much more 

difficult. The compressed pulses tended to have long wings, due to either the input dye 

laser pulse being insufficiently coherent, or the poor beam quality. 

Despite this compression of the dye laser pulses, the time resolution of the system, 

as determined by the grow in of the chlorophyU-a ground state bleach, remained 

approximately 6ps. It was established that this was due to gain saturation in the 

amplifier chain lengthening the pulses. Changes to the amplifier chain which removed 

this gain saturation are described in the following section. Therefore, given the 

difficulty of operation of the pulse compressor, work on the pulse compressor was 

postponed. 

A pulse compressor will probably be incorporated into the system in the future. The 

following purchases will improve the output beam quality and make its operation much 

easier: 

1) the purchase or borrowing of a quality optic fibre cleaver. 

2) the purchase of at least two prisms or large, high efficiency diffraction gratings. 

This will eliminate the problem of spatial wavelength separation of the output beam, 

reduce beam clipping and increase output power. 

3) the purchase of a high quality mount to enable easier coUimation of the output 

beam from the optic fibre. 

In summary, the pulse compressor achieved a performance near theoretical 

predictions. The operation of the compressor was difficult and the beam quality poor. 

In addition, other changes to the spectrometer which significantly improved its time 

resolution rendered the incorporation of the compressor no longer essential. 

2.4.3.2 Improvements to the amplifier chain. 

Operation of the pulse compressor made it possible to establish that the principle 

limit on the system's time resolution was gain saturation in the amplifier chain. In order 

for a pulse to be amplified uniformly along its whole length, the dq)letion of the excited 

state population in the amplifying medium (the available gain), due to emission 

stimulated by the dye laser input pulse, must be negligible. If the pulse significantly 

depletes the available gain (termed Gain Saturation), the front of the pulse will be 

preferentially amplified, resulting in the pulse becoming temporally broadened (see 

figure 2.7b). The degree of gain saturation is proportional to both the intensity of the 
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dye laser pulse in the amplifier cell (pulse energy per unit cross-sectional area) and the 

stimulated emission cross-section of the excited dye molecules at the dye laser 

wavelength [Hnilo & Martinez 1987]. 

The following modifications to the amplifier chain allowed the amplification of 

picosecond pulses without the onset of significant gain saturation: 

1) Removal of the fourth amplifia". 

2) Increased pumping of the third amplifier. 

3) The insertion of a neutral density filter prior to amplifio* one. 

These changes, however, reduced the ou^ut pulse energy from the order of ImJ to 

lOOpJ, and resulted in significantly poorer output beam shape. Moreover, gain 

saturation tends to dampen out fluctuations in the output pulse energy, operating 

without gain saturation probably resulted in a rather less stable amplified pulse energy. 

At the time, the functioning of the amplifier chain was not understood in detail. With 

hindsight and the experience I have gained since these modifications were carried out, it 

is likely that the gain saturation could have been avoided with a rather smaller loss of 

power and beam quality. 

These modifications, when combined with improvements in the dye laser 

performance, largely achieved through an increased understanding of autocorrelator's 

operation, made it possible for uncompressed 1.5ps pulses to be generated and 

amplified unbroadened. 

2.4.3.3. Replacement of the mode-locked argon ion laser. 

The argon ion laser used in the PTA spectrometer was an old model; by 1988 it 

was no longer possible to obtain replacement tubes for this model, necessitating its 

replacement. Therefore, after the failure of its tube, it was replaced by an 'Antares' 

mode-locked, frequency doubled NdiYAG laser (Coherent Inc., U.S.A.). 

The output pulses of Antares laser are approximately 60ps (FWHM) long, 

approximately half the duration of the pulses output by the old mode-locked argon ion 

laser. This resulted in a significant improvement in the performance of the two jet dye 

laser. Output pulses of 750fs (FWHM of the autocorrelation trace) were frequently 

achievable, compared to 1.5ps pulses achieved using the argon ion. As the amplifier 

chain no longer opCTated in gain saturation, this resulted in a sub-picosecond time 

resolution of the apparatus. 

2.4.3.4 Modifications in the sample area, improvements in the signal to noise 

The channel noise in the AOD spectra obtained using the PTA spectrometer was 
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principally generated by fluctuations in continuum intensity. This noise level was 

probably worsened by no longer operating the amplifier chain in gain saturation mode, 

as discussed above. Several approaches were tried in order to reduce this noise. 

The continuum fluctuations originated from variations in the amplified pulse 

energy, and possibly beam pointing stability; these variations were amplified by the 

non-linear nature of the continuum generation processes. Optimum operation of the 

Antares, dye and Q-switched Nd:YAG lasers, and optimum alignment of the amplifier 

chain, all contributed to the noise performance of the spectrometer. Alignment of the 

amplifier chain was greatly facilitated by the purchase of a power meter capable of 

measuring the power of the lOHz amplified beam. The power had previously only been 

estimated by eye, or indirectly by monitoring continuum intensity and stability. 

Improved operation of the reference arm was achieved, primarily by ensuring that 

the reference and sample beams had similar optical paths. In order for ratioing 

described by equation 2.9 to function optimally, every wavelength of the reference 

probe beam must be imaged directly below the corresponding wavelength of the sample 

probe on the vidicon camera. This has proved to be difficult to achieve in practice. 

Initially, data corresponding to R j (see equation 2.9) was collected over typically 

two minutes, the pump would then be manually unblocked and data corresponding to 

R2 collected. However, such a data collection routine was very sensitive to variations 

in continuum intensity over a time scale of minutes, which often resulted in apparent 

background offset shifts superimposed upon the observed AOD spectrum. These 

background shifts were reduced by the insertion of an electronic shutter in the pump 

beam; the opening and closing of this shutter was synchronised to the operation of the 

computer's data collection programme. Minor modification of the data collection 

programme then allowed data to be collected with the pump repeatedly blocked and then 

unblocked at a IHz repetition rate. This effectively eliminated noise caused by 

continuum fluctuations with a frequency much less than IHz, and also resulted in a 

more automated operation of the spectrometer. 

The improvement in the time resolution of the system from 6ps to Ips resulted in 

the observation of group velocity dispersion of the continuum beam between the 

continuum cell and the sample (see section 2.5.2 for details). This was minimised by 

the use of a shorter water cell for continuum generation (1cm pathlength instead of 

4cm), and by the use of achromatic optics wha-e necessary. 

The optimum noise levels achieved with the PTA spectrometer are illustrated in 

figure 7.1, some typical data is shown in figure 2.8. 
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2.4.3.5 Routine operation of the PTA spectrometer. 

Whilst at the Royal Institution, the PTA spectrometer had been subject to frequent 

component failures and other problems [see Klug 1988]. The movement of the 

equipment to Imperial College, and its subsequent reassembly, effectively took up the 

first five months of my Ph.D period. However, once installed in the purpose built 

laboratory at Imperial College, the equipment has operated much more reliably. In 

addition, the assistance provided by Dr Chris Bamett in the construction and repair of 

electronic components greatly facilitated operation of the system during my second and 

third years. 

Having said this, the PTA spectrometer was a complex and fairly old system. Prior 

to construction of the FTA spectrometer, approximately (80-90)% of my experimental 

time with the system was spent maintaining and repairing various components of the 

spectrometer, even without including the time spent carrying out the modifications 

described above. This percentage was so high partly because all the individual 

components of the spectrometer had to operate at near optimum performance if useful 

data was to be obtained. 

During the course of my Ph.D work, the operation of the spectrometer became 

increasingly less of an art, and more of a science. This has particularly been the case 

with the amplifier chain. Initially the chain was operated according to number of rather 

vague guidelines, which were based upon the empirical experience of previous 

operators [Gore 1987]. However, during my Ph.D period several additional diagnostic 

tools were purchased, such as more sensitive power meters. As a consequence, 

independent and quantitative diagnostics could be used to monitor the performance of 

the various components of the spectrometer, which greatly facilitated its operation. 

The modifications described above were completed by end of 1989. The PTA 

spectrometer was than used over a period of approximately one year, up to Easter 

1990, by myself and Dr Giorgi, in which time we concentrated our efforts on the study 

of the isolated PS II reaction centre. However, whilst several useful results were 

obtained (see section 7.3), we were unable to observe any clear transients attributable to 

the primary charge separation process. This led to the conclusion that a major 

modification of the PTA spectrometer was necessary, as is discussed below. 

2.4.4 THE JUSTIFICATION FOR A MAJOR MODIFICATION OF THE 

PICOSECOND TRANSIENT ABSORPTION SPECTROMETER. 

By the beginning of 1990, it had become clear that any absorption changes 
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indicative of primary electi-on transfer in PS 11 were too small to be readily observed 

using the PTA spectrometer as it then existed (see section 7.3 for details). The reasons 

for this conclusion are outiined below. 

It was confirmed that the lack of observation of any clear absorption transients was 

an inherent problem associated with trying to observe the primary electron transfer in 

PS n. For one week in April 1990, the PTA spectrometer was used, in collaboration 

with Dr. Peter Douglas from University College, Swansea, to study the picosecond 

photochemistry of a number of photographic dyes. Data was collected on one dye 

under three different experimental conditions; this data, along with additional 

fluorescence data, has recently been submitted for publication [Douglas et al. 1991]. 
No less than three different transient intermediates were observed, and their distinct 

spectra and lifetimes determined. Some of the data collected under one of the three 

experimental conditions is shown in figure 2.8. These results, collected over only five 

consecutive working days, clearly showed that the PTA spectrometer was working 

very satisfactorily within its known experimental limitations. 

From 1985-1989 there appeared to be a widespread consensus about the transient 

absorption spectroscopy of the primary electron transfer in bacteria (see section 6.2). 

This consensus was broken in mid-1989 by Zinth and co-workers [Holzapfel et al. 

1989]. The controversy clearly indicated the need for lower noise levels than those 

previously considered adequate, and a time resolution of 200fs or better. In addition, it 

appeared to be necessary to excite directly into the lowest energy absorption band of the 

primary electron donor. The problems associated with studying the primary charge 

separation in PS 11 are likely to be even greater than in bacteria. The chromophores 

involved in the primary charge separation process have overlapping absorption bands to 

a much greater degree in PS II compared with purple bacteria. In addition, the isolated 

PS n reaction centre, compared with the bacterial reaction centre, is less stable to 

illumination even after taking the precautions detailed in chapter three to minimise 

photodamage, this prevents prolonged signal averaging. Therefore, it was concluded 

that it would be necessary to achieve noise levels significantiy lower than those used in 

studies of purple bacteria. 

It can be estimated that sufficientiy low noise levels could never be achieved when 

data collection was limited by the lOHz repetition rate of the Q-switched Nd: YAG laser. 

The work of Zinth's group in Munich gives an useful illustration of the noise levels 

necessary to study the primary electron transfo" in bacterial reaction centres [Holzapfel 

et al. 1990]. In this work a AOD noise level of ±3x10"^ was achieved with 100 

seconds of averaging at a single wavelength (20nm bandwidth), using a lOHz system 

with continuum generation. Observing at only a single wavelength allows the 

attainment of the optimum signal to noise. It took a minimum of 50 points to achieve 
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FIGURE 2.8: 
Absorption changes observed after excitation of a pyrazololtriazole azomethine dye 

soludonwith a 3()pJ pump pulse at(X)5nm.The(lye was dissol\red in a 96:4 rnixtwneiDf 

ethanol and methanol at 220C, and had a peak optical density of 1.0 at 600nm. The 

detection bandwidth was less than 4nm. 
The transient absorption spectra are shown at time delays of a) Ips, b) 2ps and c) 

3ps. Inset are plots of the absorption changes observed at A) 636nm and B) 662nm 

(top trace) and 623nm (bottom trace) as a function of time delay. Data averaged over a 

lOnm bandwidth. The absorption changes observed at 636nm clearly indicate the 

presence of two transient species, at this wavelength a species with a 1.5ps lifetime 

induces an initial negative absorption change, whilst at time delays greater than 2ps, a 

second transient species with a lifetime of 3ps induces a positive absorption change. 

Further details can be found in Douglas et al. [1991]. 
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any reasonable degree of kinetic assignment, and this took 80 minutes to collect. As 

discussed above, a better signal to noise is required to study PS 11 compared to bacterial 

reaction centres; a factor of two is probably the minimum required. This requirement 

meant that at lOHz a transient decay at one wavelength would require over 5 hours of 

data collection, and a time resolved spectrum over 20 wavelength points would take at 

least 100 hours of data collection. The relative instability of the PS 11 reaction centres 

makes such a long data collection time totally unpractical. 

Fortunately, a number of factors came together which made a major overhaul of the 

PTA spectrometer possible. Dr David Klug had recently built a colliding pulse mode-

locked (CPM) dye laser on an adjacrait optical table, using a second hand cw Argon ion 

laser as the pump source. This CPM laser was reliably producing 100fs-200fs pulses. 

The feasibility of using the CPM laser as the source laser for injection into the 

amplification chain had been established the previous autumn (see section 7.32.1). The 

SERC had previously turned down two grant applications requesting a 6.5kHz 

repetition rate Copper Vapour laser (CV laser) to replace the lOHz Nd:YAG laser. 

However, in the spring of 1990, Oxford Lasers agreed to loan us a second hand CV 

laser at a discount rate. In addition the experience built up over previous years by 

principally myself and David Klug gave us the confidence to go head with major 

modifications to the spectrometer. 

These modifications were carried out over four months in the summer of 1990 and 

are described in section 2.4.4 below. The result was an essentially entirely rebuilt 

femtosecond transient absorption (FTA) spectrometer, with little of the old picosecond 

spectrometer remaining. The noise levels achieved with this spectrometer have been 

unsurpassed, as far as I am aware, by any other group in the world using ultrafast 

transient absorption spectroscopy to study photosynthetic systems. Crucially, the FTA 

spectrometer was capable of resolving absorption changes in the PS II reaction centres 

indicative of primary chaise separation, as will be described in chapter seven. 

2.4.5 CONSTRUCTION OF THE FEMTOSECOND TRANSIENT 

ABSORPTION SPECTROMETER. 

A diagrammatic representation of the FTA spectrometer is shown in figure 2.9, and 

a comparison between the characteristics of the PTA and FTA spectrometers shown in 

table 2.1. The various components will be described individually, and then the overall 

construction and operation of the spectrometer discussed. 

The argon ion and CPM lasers are mounted on a separate optical table to the other 

components of the spectrometer. The use of separate tables did not cause any 

observable beam pointing instability. The Copper Vapour laser was mounted on 

68 



TO 

AUTOCOR-

RELATOR 

FIGURE 2.9 & 

& 335 

PUMP 

| S 
O 

SINGLE A 
DETECTOR 

TOOMA 
CONTROLLER 

TO RATIO 
CIRCUIT 

FIGURE 2.9: 

A diagram of the femtosecond transient absorption spectrometer. The following 

abbreviations are used; CGC, continuum generation cell; RC, reference cuvette; SC, 

sample cuvette; Ch, IkHz chopper; (1) output beam from the CPM to the bow tie 

amplifier; (2) output beam from the bow tie amplifier to the sample area; Ml, 

monochromator for selection of a single probe wavelength. The argon ion and CPM 

lasers are mounted on a separate optical table to the other optical elements. 
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PICOSECOND TRANSIENT 
ABSORPTION SPECTROMETER 

FEMTOSECOND TRANSIENT 
ABSORPTION SPECTROMETER 

sample area sample area 

LINEAR CAVITY DYE LASER 
25mW at 605nm 
6.25nJ, 4MHz, 1ps 

CPM RING DYE LASER 
2 X 15mW at 625nm 
0.15nJ, 100MHz, 150fs 

<b-SWITCHED Nd:YA(§> 
LASER 
3W at 532nm. 
300m J, 10Hz, 10ns 

COPPER VAPOUR 
LASER 
9W at 511nm 
1.4mJ, 6.5kHz,10ns. 

ARGON LASER: CW 
(unpulsed). 
4W at 514nm. 

BOW TIE AMPLIFIER ONE 
single jet, six passes 
20mW at 625nm 
3pJ, 6.5kHz, 150fs. 

FLOW CELL AMPLIFIER 
CHAIN: 3 x single pass 
ImW at 605nm. 
lOOpJ, 10Hz, Ips 

ANTARES LASER: MODE-
LOCKED Nd:YAG. 
500mW at 532nm. 
6.5nJ, 78MHz, 60ps. 

TABLE 2.1: 

Comparison of the picosecond and femtosecond transient absorption spectrometers. 

Powers quoted are mean output power, also given are output pulse energies, repetition 

rates, durations (FWHM) and central wavelength. All pulse durations were determined 

by the FWHM of autocorrelation traces, except the nanosecond pulses, whose duration 

was determined using a photodiode and oscilloscope. 

70 



wooden table above the main optical table. 

2.4.5.1 Femtosecond pulse generation. 

The old two jet linear cavity dye laser was replaced by a colliding pulse modelocked 

(CPM) dye laser pumped by a cw (unpulsed) Argon Ion laser (Spectra Physics 171). 

CPM lasers are now widely used as a source of stable femtosecond pulses, a 

description of their operation is given in Simon [1989]. A diagram of the CPM laser 

shown in figure 2.10. The laser has a ring configuration and the ultrashort pulses are 

generated by passive modelocking. Optical pulses are generated travelling in both 

directions around the ring, they are co-incident in the saturable absorber jet (hence the 

name 'colliding ...'), resulting in an enhanced passive modelocking capability of the 

saturable absorber relative to linear cavities. Group velocity dispersion generated by the 

optical elements and the two jets is compensated for by anomalous dispersion generated 

by the inclusion of four prisms as illustrated in figure 2.10 [Fork et al. 1984]. The 

prisms are mounted on translation stages to allow the easy adjustment of total cavity 

group velocity dispersion in order to optimise the output pulse length. The ring 

configuration greatly reduces the sensitivity of the laser to changes in cavity length, 

resulting in an improved amplitude stability over comparable linear cavities. 

The laser is not cavity dumped. There are two output beams, corresponding to 

optical pulses travelling opposite directions around the cavity, each of approximately 

15mW. The output pulses have a repetition rate of 80MHz, pulse energy of 2(X)pJ and 

pulse length of l(X)fs to 2(X)fs. The output pulse length is primarily a function of pump 

power and saturable absorber concentration; fine tuning of these two variables can 

result in pulses as short as 60fs. 

The output pulse length is continuously monitored, using one of the two output 

beams, by an autocorrelator with a co-linear beam geometry. A typical autocorrelation 

trace is shown in figure 2.11. 

2.4.5.2 Pulse amplification at 6.5kHz. 

The amplification of ultrafast light pulses has recently been reviewed by Simon 

[1989] and Knox [1988]. The pulse amplifier in the new FTA spectrometer had to 

satisfy three principle requirements: a repetition rate of the order of kilohertz, output 

pulse energies sufficient for both continuum generation and sample excitation, and low 

cost. Given these requirements, a Copper vapour (CV) laser based amplifier system 

was the only feasible option. 
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FIGURE 2.10: 

The CPM ring dye laser. The total pathlength around the cavity is 3,75m. The mirror 

coatings are a single stack dielectric, the output couplCT has a reflectivity of 95%. 
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b) 

FIGURE 2.11: Typical autocorrelation traces of a) the unamplified pulses output by 

the CPM laser and b) the dye lasa" pulses after amplification at 6.5kHz by the bow tie 

amplifier. Both pulses have a FWHM of approximately 150fs. The autocorrelator 

details are outlined in the text, the lower trace is the average of 16 scans (4 minutes data 

collection). 
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The copper vapour laser used in this Ph.D work is an Oxford Lasers CU40 with 

attached short pulse kit. This CV laser differs from the old Nd;YAG primarily in 

repetition rate (5-14kHz compared to lOHz) and pulse energy (l,5mJ compared to 

300mJ). The much lower pulse energy of the CV lasCT means that this energy must be 

used more efficiently in order to achieve an adequate amplification. However, the 

relatively high repetition rate of amplified pulses enables the quantitative monitoring and 

therefore the optimisation, of the performance of each component of the amplifier 

system. 

Initially it was attempted to amplify the dye laser pulses at 6.5kHz using a chain of 

flow cell amplifiers, based on those used in the old PTA spectrometer but pumped by 

the CV laser. This was estimated to be theoretically feasible by using the formalism of 

Hnilo & Martinez [1987], and had previously been achieved by one group in Japan 

[Nakazawa et al. 1988]. A performance near theoretical predictions was readily 

achieved for the first amplifier. However, the high repetition rate of the CV laser 

resulted in the same dye volume being repeatedly pumped, generating thermal 

instabilities in the dye solution, particularly near the liquid/glass interface. This was 

found to result in an unstable and strongly diffracted amplified dye lasCT beam, and the 

flow cells were abandoned in favour of an amplifier based upon a glycol jet gain 

medium. 

The final layout of the CV laser pumped amplifier is shown in figure 2.12. The 

amplifier is based on the "bow tie' design of Knox et al. [1984], see also Simon [1989] 

and Knox [1988]. The vertical gain jet comprises a solution of Rhodamine 640 

(Exciton Rhodamine 640 perchlorate) in glycol, which is flowed at approximately two 

litres per minute. The jet nozzle is formed by half of a severed glass flow cuvette, with 

an internal cross-section of 1mm x 1cm. The CV laser beam is focussed to a 0.5mm 

diameter round spot in the gain jet. This generates a gain volume with a cylindrical 

shape, approximately 1mm in length and 0.5mm in diameter. The solution in the gain 

volume is replaced approximately every 0.3ms, this is sufficient to prevent the 

generation of significant thermal instabilities in the gain jet. 

The dye laser beam is passed through the gain volume a total of six times, with a 

saturable absorber jet inserted between the fourth and fifth passes. This multipass 

arrangement, with all the passes being completed within the duration of the CV laser 

pulse, ensures the efficient use of the limited pump energy available. The CV laser is 

triggered at a variable delay relative to the CPM laser pulses. The saturable absorber jet 

absorbs unamplified pulses and amplified spontaneous emission (ASE). The 80MHz 

repetition rate of the CPM laser results in some amplification of the dye laser pulse 

following the primary amplified pulse; this post pulse can be reduced by fine tuning of 
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the saturable absorber operation and the time delay between the CV laser and dye laser 

pulses. Key factors necessary to achieve sufficient amplification are: 

a) a round CV laser pump spot; 

b) a total dye laser pathlength between the first and last passes of less than 5ns; 

c) the use of appropriate focussing optics to ensure the optimum dye laser spot size 

in the gain volume. This should be as small as possible for the early passes, and 

increase up to the size of the CV laser spot for the last pass. This allows optimum gain 

in the early passes and limits gain saturation in the later passes. 

d) a geometry in which the dye laser beams incident upon the gain jet are as parallel 

as possible to the CV laser beam. 

After some forethought, and using the appropriate diagnostics, this bow tie 

amplifier proved to be relatively easy to construct and maintain. Using the old linear 

cavity dye laser, output pulse energies of l|iJ were achieved after only two days of 

construction, typically output pulse energies of 6|iJ were achieved after five passes. 

Amplification of the CPM laser using six passes and one saturable absorber yields an 

output pulse energy of approximately 3|iJ, representing a total gain of greater than 10^. 

These output energies probably do not represent the optimum achievable, but are more 

than adequate for the task required of them. 

The final passes of the amplifier are partially gain saturated (see section 2.4.3.2). 

This results in a more stable output pulse energy (typically ±10% variations in pulse 

energy), whilst not appearing significantly to increase the pulse length. An 

autocorrelation trace of the amplified pulses is shown in figure 2.11b. (This was 

collected by mounting the mirror comprising one arm of the autocorrelator on a stepper 

motor-driven translation stage. The stepper motor is computer controlled, and the trace 

averaged over sixteen repeated time scans.) The amplified output beam shape is near 

gaussian, allowing easy, and quantitatively predictable, focussing for continuum 

generation and sample excitation. 

2.4.5.3 Modifications in the sample area. 

No major modifications to the optical arrangement of the sample area were 

necessary when using Ips pulses generated by the old linear cavity dye laser and 

amplified by the bow tie amplifier. The pulse energies were sufficient for continuum 

generation, whilst the use of suitable focussing optics ensured an adequate pump 

intensity in the sample. The insertion of an optical spatial filter between the bow tie 

amplifier and first beam splitter was found to improve continuum stability and assist 

pump and probe beam overlap. Figure 2.13 shows a comparison of the signal to noise 

achieved using the 6.5kHz bow tie amplifier compared to the old lOHz system. The 
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FIGURE 2.12 
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FIGURE 2.12: The bow tie amplifier design. The dye laser beam passes through the 

gain volume six times with an optical pathlength between the first and last passes of 

approximately 4ns. Mirrors have standard aluminum coatings. 
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FIGURE 2.13: A comparison between the transient absorption spectra obtained after 

the four minutes of data collection time using a) the picosecond transient absorption 

spectrometer and b) the femtosecond transient absorption spectrometer. Both spectra 

were observed at a 4.5 ps time delay following excitation at 610nm of PS II reaction 

centres at 4°C using Ips duration pump and probe pulses. The samples were mounted 

in a 10mm optical pathlength cuvette and had a optical density at 676nm of 0.8. The 

fifteen fold improvement in signal to noise is near optimum theoretically achievable (see 

text for details). 
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improvement in signal to noise, after the same data collection time, is approximately a 

factor of 15, which approaches the theoretically optimum improvement of 25 (/650). 

Some modifications were required when using the 150fs pulses generated by the 

CPM laser. The greater peak powCT and high repetition rate of the amplified pulses 

necessitates flowing the water in the 1cm continuum cell. The shorter pulse duration 

results in a lower pulse energy threshold for continuum generation. Whilst this results 

in a more stable continuum for the probe beam, it also causes the pump pulses to 

undergo some unwanted continuum generation in the sample cuvette. This necessitates 

using a non-colinear geometry for the pump and probe beams in the sample (see figure 

2.9), allowing the pump beam to be physically blocked afta" the sample. The use of a 

non-colinear geometry limits the optical pathlength of the sample cuvette to 

approximately 2.5mm, in order to allow good spatial overlap of the pump and probe 

beams in the sample. 

The time between amplified pulses is only 150ps. This is much less than the PS U 

reaction centre recovery time; the longest lived photoinduced excited state is the P680 

triplet state, this has a yield of 30% and a lifetime of 1ms (see chapter four). It is not 

possible to flow the reaction centre suspension sufficiently fast to prevent a build up of 

P680 triplet states in the sample volume, as this would require an excessive amount of 

sample. Therefore the sample is mounted in a cylindrical cuvette comprising two glass 

discs and a teflon spacer. The cuvette has a 15mm internal diameter, and an optical 

pathlength of 1mm to 2.5mm, depending upon the teflon spacer. This cuvette is 

mounted in a purpose built mount, and rotated at 4000rpm about its rotational 

symmetry axis. The pump beam is focussed to a 300)im spot near the outer rim of the 

sample volume, and is incident normal to the glass discs. The probe beam is focussed 

inside this pumped volume. This arrangement has been found to prevent any 

observable build up of P680 triplet state, and also avoids thermal instabilities generated 

in the sample by the pump beam. 

2.4.5.4 Single wavelength detection. 

If the pump on / pump off cycle can be operated at a higher repetition rate, this can 

significantly improve the signal noise, as has been discussed in section 2.4.3.4. The 

high pulse repetition rate generated by the use of the CV laser in principle allows the 

pump beam to be chopped at IkHz or more. However the multichannel detector based 

on the vidicon camera can only operate at a pump on / pump off cycle of 1 Hz or less, 

moreover the optimum signal to noise is limited by the dark current of the detector. 

Plans are currently under way to build a multichannel detector which could collect data 

at a IkHz repetition rate, however this is a major undertaking likely to take several 
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months. 

In the meantime, a single wavelength detector has been built which is capable of 

collecting data at a IkHz pump chopping rate. Figure 2.13 shows a flow diagram of the 

electronics involved in this detector. After the sample, a single wavelength of the 

continuum is selected by a monochromator (2nm to 5nm bandwidth). The transmitted 

intensities of the reference and sample probe beams are monitored by two adjacent 

photodiodes (Ij- and Ig respectively). The operation of the detection electronics can be 

understood most readily in the absence of the two ratio circuits. A lock-in detector 

effectively monitors and averages the IkHz amplitude modulation (5I(X,t)) of the 

transmitted probe intensity (Ig), this 51 modulation being caused by a change in optical 

density of the sample generated at a fixed time delay (t) by the chopped pump beam. 

The signal 0I(A,t) is digitised, averaged and stored by a computer. 51 can be converted 

into units of AOD by monitoring Ig using a digital voltage meter and then applying 

equation 2.4, in which Ig corresponds to Iq. 

The two ratio circuits reduce AOD noise caused by fluctuations in the probe and 

pump beams. The first ratio circuit uses the reference probe signal to cancel out noise 

fluctuations in probe intensity !§. A third photodiode monitors the pump power, this 

signal is used by the second ratio circuit to normalise out fluctuations in the signal 

(AOD) caused by fluctuations in the pump intensity. Three DVM's monitor the dc 

voltages at nine reference points in the two ratio circuits and their associated amplifiers, 

these allow appropriate adjustments of the amplifier gains and voltage offsets. The final 

signal input to the computer can be converted to units of AOD using: 

AOD (X,t) = (1 / 2.303) X Olg (X,t) / Ig (A) = a x 8R2 (A,t) / Rl (A) 2.10 

where 6R2 is the output fi-om the second ratio circuit to the computer, Rl the time 

averaged output from the first ratio circuit (monitored continuously by a DVM), and a a 

proportionality factor. The voltages Rl, V(s) and V(r) (see figure 2.13) may be 

monitored continuously on an oscilloscope, allowing optimisation of the spectrometer. 

A computer controls the time delay between the pump and probe pulses via a 

stepper motor on the pump delay arm (one step equals 33fs). The computer can be 

instructed to carry out a time scan, in which it averages and stores 5R2(A,t) over a 

linear range of time delays, L Successive scans can be averaged. A typical AOD data set 

is shown in figure 2.15. This data set took two minutes to collect, and demonstrates 

both the 150fs time resolution of the system and a channel noise of less than 10"^. 

For optical density changes greater than 10"^, the observed signal to noise is pump 

noise limited and the noise approximately scales with signal amplitude. For changes 

less than lO"^, the signal to noise is probe noise limited, and therefore the noise level is 
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independent of signal amplitude. The small signal AOD noise level is readily monitored 

by observing the noise on the output signal from the lock in. Typically this lock in 

output noise corresponds to a AOD of less than ±3x10"^ with a one second time 

constant on the lock in. This noise level is three times better than the channel noise level 

achieved using the vidicon after a 240 second average. The very much lower noise level 

achieved with the single wavelength detector has three origins: primarily the faster 

pump on / pump off cycle, but also a negligible detector dark current, and difficulties in 

imaging all the wavelengths of both the reference and sample probe beams optimumly 

onto the vidicon camera. 

2.4.5.5 Data analysis. 

The single wavelength detector allows the collection of high quality data of AOD as 

a function of time delay. This data is amenable to curve fitting analysis. This analysis is 

carried out on a microcomputer, using a package developed for the analysis of 

multiexponential fluorescence decays. The curve fitting routine uses a semi-linear 

Marquardt algorithm, fitting to a sum of exponentials plus a constant. The fitting 

routine calculates a uniform gaussian noise level, and the quality of the fits is judged 

primarily from plots of the weighted residuals. Further details of this fitting routine can 

be found in section 7.2. 

2.4.5.6 Overview of the FT A spectrometer. 

The construction of the FTA spectrometer generally proceeded very satisfactorily. 

The CV laser was delivered at the end of April 1990, and high quality data with a Ips 

time resolution (such as figure 2.13) achieved by the beginning of July. Development 

of the system as described above was essentially completed by mid-September . The 

speed of this development was primarily achieved for the reasons described at the end 

of section 2.4.4 above. In addition, many of the problems encountered during the 

construction were pre-empted by the purchase, prior to their need being absolutely 

proven, of additional optical and mechanical components. The resulting spectrometer 

has been constructed for a small fraction of the cost of a system based primarily on 

commercially available components. 

An important advantage of the FTA spectrometer over the old PTA system is that it 

can achieve high quality data even when its constituent components are operating at 

significantly below optimum performance. This was not possible with the PTA 

spectrometer, and greatly reduces routine maintenance time. The bow tie amplifier has 
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FIGURE 2.14: A diagram of the electronics comprising the single wavelength 

detector. V and R refer to voltages, I to currents. See text for details. 
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FIGURE 2.15: 

A plot of the absorption change observed at 685nm following excitation of photosystem 

two reaction centres with a 625nm, 150fs, 0.5)iJ pump pulse, See chapter seven for 

further details, experimental conditions as in figure 7.3. The data is the average of 8 

time scans and took two minutes to collect, and the detection bandwidth was 4nm. The 

sample was mounted in a cylindrical, spinning cuvette with a 2.5mm optical pathlength 

and the pumped volume had a diameter of approximately 300^im. 
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proved to be reasonably easy to operate. It can normally be completely realigned in a 

couple of hours, where as the old flow ceU amplifier chain could take one to two days 

to realign. The CV laser has, with due care and maintenance, operated satisfactorily, in 

contrast to its widespread reputation. It generally requires two hours maintenance each 

week, plus one full day a month. 

The spectrometer typically yields useful data for three days out of five each week 

(the data often being obtained late in the evening!). It is perhaps useful to put this in the 

context by illustrating the complexity of the apparatus. The optical beam, from its 

generation by the argon ion laser to the final detection apparatus, is reflected or 

transmitted by approximately 80 independent optical elements, misalignment of any of 

these will render the system inoperable. In addition the system includes approximately 

40 independent electrical devices, including 8 independent liquid flow systems, the 

failure of any of these wiU also probably render the system inoperable. Given this 

complexity, three useful days operation per week seems very reasonable. 

The FTA spectrometer is able to produce vCTy high quality data in a relatively short 

time, as is illustrated in figures 2.17 & 2.18. Four minutes of averaging yields a 

transient absorption time scan with 100 data points each with a AOD noise level of 

better than 10"^, importantly the noise is not correlated between channels. The isolated 

PS n reaction centres can generally be studied in the spectrometer for 45 minutes before 

they have significantly degraded. This enables several high quality data sets to be 

collected at different time scales or wavelengths using a single sample, enabling a 

detailed characterisation of the transient absorption properties of the preparation, as is 

described in chapter 7. 

2.5 ARTIFACTS AFFECTING THE OPERATION OF THE PTA AND 

FTA SPECTROMETERS. 

2.5.1 INTRODUCTION. 

A number of phenomena and artifacts can affect the quality and validity of the 

transient absorption data collected using the PTA and FTA spectrometers. The 

improvements which have been made to both the temporal resolution and signal to 

noise of the spectrometers (see sections 2.3 and 2.5) have not only allowed the 

resolution of smaller and faster genuine absorption changes, but have also revealed, 

and generated, additional artifacts not observed by the original PTA spectrometer. 
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2.5.2 DISPERSION OF THE WHITE UGHT PROBE PULSES. 

The probe pulse in the PTA and FTA spectrometers has a relatively large spectral 

bandwidth, and is therefore susceptible to dispersion. Group velocity dispersion of the 

probe pulse in the continuum generation and sample cuvettes and the intervening optics 

results in blue wavelengths being delayed relative to red wavelengths. This time delay 

between different wavelengths may be further increased by the process of self phase 

modulation, the primary mechanism of continuum generation (see section 2.4.3.1 and 

figure 2.7a). A consequence of this dispersion is that blue wavelengths of the probe 

pulse will temporally overlap the pump pulse before red wavelengths. 

The improvement in the time resolution of the PTA spectrometer from 6ps to Ips 

resulted in the observation of this dispersion of the probe pulse. This is illustrated in 

figure 2.16, which shows typical data for the grow in of the absorption changes 

observed over the spectral region 400nm to 530nm for chlorophyll-a in ether. 

Absorption difference spectra are shown in figure 2.16 at time delays of -lps,+0.5ps 

and +4ps, with zero time delay being defined for convenience as the time delay at 

which the absorption change observed at 430nm reached half its maximum value. It can 

be observed that the bleaching of the Soret absorption bands of chlorophyll does not 

grow in uniformly . The bleaching at 410nm appears to precede the bleaching at 

430nm. This is a purely artefactual distortion of the correct spectra caused by 

dispersion of the probe pulse. 

This dispersion was reduced by the use of achromatic optics between the continuum 

generation and sample cuvettes, and by the use of a shorter continuum generation cell 

(see also section 2.4.3.4). However some dispersion remains. In the red spectral 

region (>620nm), the time delay is approximately 1.5ps per lOOnm. In the blue spectral 

region (<600nm) the dispersion is rather larger due to the more rapid change of 

refractive index with wavelength, approximately 4.5ps per lOOnm. 

2.5.3 STIMULATED RAMAN SCATTERING. 

The high peak powers of the amplified picosecond and femtosecond pulses used in 

the PTA and FTA spectrometers enables the generation of 'white light' by a 

combination of non-linear processes in the continuum cell (see section 2.4 and Gore 

1987). However, the high peak powers may also result in the pump pulses being 

spectrally broadened by continuum generation (primarily Raman Scattering processes) 

in the sample cuvette. This becomes an increasing problem as the pulse durations are 

shortened: for pump pulses of similar energies the peak power is inversely proportional 

to pulse duration. 

84 



AOD 

" 0 " 2 0 — • - -

wavelength (nm) 
530 

FIGURE 2.16: 

Transient absorption difference spectra observed following excitation of 

chlorophyll-a in ether (lOjig.ml'l) in the PTA spectrometer. Spectra were collected at 

time delays of - Ips, +0.5ps and 4ps. The detection bandwidth was 4nm, the sample 

temperature 4^C and the excitation pulses were 30|iJ at 605nm, incident upon 

approximately 3mm^ of sample. 
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Raman scattering induced solely by the pump pulse is compensated for by the 

background data collected when measuring transient absorption data. This problem is 

further reduced in the FTA spectrometer by the use of non-colinear pump and probe 

beams. 

A more serious problem is stimulated Raman scattering generated by the interaction 

of the pump and probe pulses when they are temporally overlapped in the sample. This 

co-operative interaction of the pump and probe pulses is dependent upon the time delay 

between the pump and probe pulses and is not compensated for by the background data 

sets. A typical stimulated Raman scattering line can be observed at 505nm in figure 

2.16. This feature appears at a time delay approximately 4ps after the grow in of the 

bleach at 430nm because of dispersion of the probe pulse. This stimulated Raman 

scattering results in a distortion of the transient absorption spectra at time delays less 

than the duration of the pump and probe pulses. For this and other reasons (the 

coherent coupling artifact for example [Fleming 1986]) all ultrafast transient absorption 

data taken within the duration of the optical pulses should be treated with considerable 

caution. 

2.5.4 VIBRATIONAL QUANTUM BEATS. 

This section describes the observation of small oscillations in the intensity of the 

transmitted probe pulse which are tentatively assigned to vibrational quantum beats, 

generated by impulsive stimulated Raman scattering (ISRS), in the glass windows of 

the sample cuvette. Whilst this observation is artefactual in terms of the study of the PS 

n reaction centre, it appears to be novel and of genuine scientific interest. Moreover, 

this observation is a clear demonstration of the quality of the data obtainable with the 

FTA spectrometer. It will therefore be discussed in rather more detail than the artifacts 

described above. 

2.5.4.1 Results. 

Experiments using the FTA spectrometer to study samples of the PS II reaction 

centres quickly revealed an oscillatory bdiaviour of the absorption change as a function 

of time delay for the initial 300fs following excitation. Figure 2.17 shows the kinetics 

of the transient absorption changes observed at 689nm and 699nm. The period of the 

oscillations is (260±10)fs and was found to be independent of wavelength between 

580nm and 730nm. The oscillations can be observed over approximately 300fs, 

considerably longer than the 150fs time resolution of the spectrometer (as measured by 

autocorrelation techniques (figure 2.11) and the 10% to 90% rise time of long lived 
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absorption changes (figure 2.15)). A three fold lengthening the pulse durations changed 

the period of the oscillations by less than 25%, but reduced tiieir amplitude by at least a 

factor of three. The amplitude of the oscillations was also not strongly wavelength 

dependent, but was reduced by at least a factor of five at wavelengths where a large, 

relatively long lived, absorption changes were also observed (see figure 2.15, where no 

oscillation is obsCTvable). 

It became apparent that these oscillations were not associated with the 

photosynthetic reaction caitres when the same oscillations were observed even after the 

sample solution had been replaced in the sample cuvette by water alone. The same 

oscillations were also observed when the sample cuvette was replaced with a glass 

block (an uncoated BK7 fused silica beam splittCT), as illustrated in figure 2.18. The 

oscillations observed in figure 2.17 therefore appear to be generated in the glass 

windows of the sample cuvette. 

It was considered possible that these oscillations were generated by impulsive 

stimulated Raman scattering (ISRS) in the glass (see discussion below). In order to test 

a prediction of this hypothesis, the oscillations were monitored at probe wavelengths on 

either side of a peak in the intensity of the probe pulse. The probe pulse was spectrally 

shaped by the insertion of a bandpass interference filter between the continuum 

generation and sample cuvettes. This resulted in a probe pulse incident upon the sample 

which had a spectral bandwidth (FWHM) of lOnm and peak intensity at 595nm. The 

transmitted probe intensity was monitored at several wavelengths between 590nm and 

600nm using a detection bandwidth of 2nm. The transmitted probe intensity is shown 

as a function of time delay in figure 2.18, for probe wavelengths of approximately 

600nm, 595nm and 590nm, using the glass block as a sample. There is a clear 180 

degree phase shift in the oscillations when observed on either side of the peak of the 

probe intensity (traces 2.18a and 2.18c). The same phase inversion had been observed 

when conducting a similar experiment studying PS II reaction centres in the sample 

cuvette, and similar behaviour was also observed at other wavelengths using different 

bandpass filters. This 180® phase shift was very similar to that theoretically predicted if 

the oscillations were associated with vibrational quantum beats generated by ISRS, as 

discussed below. 

2.5.4.2 Discussion. 

The data collected so far is strongly supportive of the hypothesis that the 

oscillations observed in figures 2.17 and 2.18 are generated by ISRS. I am aware of no 

other plausible explanation of the observed oscillations, and the phase inversion 

observed in figure 2.18 supports this hypothesis. Given the primary focus of this thesis 
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FIGURE 2.17: Plots of the change in probe intensity observed at 689 and 

699nm following excitation of PS II reaction centres at 625nm. Experimental 

conditions were as in figure 2.15, data is the average of 16 time scans. Note that the 

data is plotted as the intensity change (AI/I) rather than AOD. The relatively small 

intensity changes observed after the initial oscillations are assigned in chapter seven to 

primary charge separation. 
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FIGURE 2.18; Plots of the change in probe intensity observed at 600nm, 595nm 

and 590nm using a BK7 glass block (optical pathlength of 10mm) as a sample. The 

probe pulses were spectrally shaped prior to the sample by a bandpass filter, yielding a 

peak probe intensity at 595nm, with a bandwidth of lOnm (FWHM). The detection 

bandwidth was 2nm. Other experimental conditions were as in figure 2.15. 
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a detailed discussion of this phenomenon is not appropriate here. I will however 

attempt to give a conceptual insight into the physical origin of the oscillations, assuming 

that they are indeed generated by ISRS. I am particularly grateful to Dr David Klug for 

helping me to develop an understanding of this phenomenon. The discussion given 

here is based upon my interpretation of recent literature published on ISRS, particularly 

by Yan et al. [1985], Chesnoy & Mokhtari [1988] and Walsh & Loring [1989]. Whilst 

I hope that this discussion is helpful, I would not claim it to be a definitive description 

of what is a complex process. 

Glass has a negligible optical density at the wavelengths studied. Therefore the 

observed oscillations must be a ground state phenomenon, with no net absorption of 

photons. Nonresonent ISRS is similar to a conventional two beam stimulated Raman 

scattering (SRS) process in which two laser beams with frequencies coj and 002 are 

overlapped in a medium with a Raman active vibrational mode of fi"equency to, where 

toj - t02 = to. The pump pulse used in the FTA spectrometer has a duration of 

approximately 150fs and therefore, from the Uncertainty Principle, a finite bandwidth 

(approximately lOnm). This bandwidth is sufficient for a single pump pulse to contain 

optical photons of frequencies toj and t02 within its spectrum (for to « 250cm"l). For 

transform limited optical pulses, the requirement of the frequency bandwidth being 

greater than to is identical to requiring that the pulse duration is less than the period of 

the vibrational oscillation. It follows that inducing stimulated Raman scattering with 

such a pulse results in an instantaneous (relative to the vibrational period) or 

'impulsive' coupling between the photons of frequencies toj and t02 and the vibrational 

mode. This results in a coherent oscillation being generated in the medium. 

The excitation pulse thus generates a coherent material vibrational excitation with a 

well-defined phase. The probe pulse may then interact with this coherent vibrational 

oscillation by the same ISRS process. If the probe pulse enters the sample in phase 

with the material excitation, it will give up energy to the medium (red-shift), while if it 

is out of phase, it will gain energy (blue shift). There is no net change in the number of 

photons of the probe pulse, only their mean wavelength is shifted. The observed 

oscillations are attributed to this periodic red- and blue-shifting of the probe pulse. 

Figure 2.19 illustrates how this periodic wavelength shift would generate the 

oscillations observed in figure 2.17 and 2.18, and result in the observed phase reversal. 

The oscillations observed in figures 2.17 and 2.18 have a period of 260fs, which 

corresponds to a phonon frequency (to) of IBOcm'^, or photon wavelength shift of 

approximately 5.5nm. Only one to one and a half complete cycles of the oscillations can 

be observed. This is caused by a dephasing of the vibrational oscillations with a T2 

lifetime of 100fs-200fs. 
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FIGURE 2.19: 

Diagram illustrating the time dependent spectral shift of the probe pulses induced by the 

ISRS, and indicating the oscillations observed when monitoring either at longer or 

shorter wavelengths than the peak of the probe intensity. 
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The identification of these oscillations as glass vibrational quantum beats is 

however not yet conclusive. The above analysis suggests that if the oscillations are 

monitored at a wavelength corresponding to the peak of the probe pulse incident upon 

the sample, their frequency should be double that observed at wavelengths on either 

side (see figure 2.19), although this prediction has not been previously studied in any 

other ISRS experiment. This is not observed, as is illustrated in figure 2.18b. The 

frequency of the observed oscillations appears to be independent of wavelength but 

rather the phase of the oscillations progressively shifts as the monitoring wavelength is 

tuned across the spectral peak of the probe pulse. 

Vibrational quantum beats have not previously been observed in glass. Indeed I am 

unaware of any other study of ISRS which has used a variable wavelength probe pulse. 

These observations will continue to be investigated for their implications about the 

physical properties of glass. 

2.5 SUMMARY. 

This chapter has described the development of the experimental capability to study 

the photochemical properties of the PS II reaction centre using transient absorption 

spectroscopy. At the commencement of my Ph.D project, there was no experimental 

apparatus available at Imperial College which could produce useful transient absorption 

data on this sample. Therefore I, with the help of my colleagues, constructed two, 

essentially new, transient absorption spectrometers. The femtosecond transient 

absorption (FTA) spectrometer can observe absorption changes on time scales between 

lO'l^s and lO'^s. The nano-/microsecond transient absorption (MTA) spectrometer 

can observe absorption changes on time scales from lO'^s to 10"^s. Both 

spectrometers can achieve sufficiently high signal to noise levels to characterise the 

transient absorption changes of interest. The FTA spectrometer can achieve noise levels 

lower, as far as I am aware, than those ever before achieved in the study of 

photosynthetic systems on this time scale. These low noise levels have allowed the 

observation of small oscillations in the intensity of the transmitted probe pulse which 

are tentatively assigned to vibrational quantum beats generated in the glass of the 

cuvette by impulsive stimulated Raman scattering. The application of these two 

spectrometers to the study of the isolated PS n reaction centre is described in the 

following chapters. 
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CHAPTER THREE. THE PHOTOSYSTEM TWO REACTION 
CENTRE: OPTIMISATION OF SAMPLE QUALITY AND 

THE IDENTIFICATION OF A POSSIBLE MECHANISM OF 
PHOTODAMAGE IN VIVO. 

It is clearly an essential prerequisite for detailed spectroscopic studies of biological 

systems that the sample be in a sufficiently stable, pure and well-defined form. The 

criteria are often different by which biochemists and photochemists judge a 

preparation's quality. A preparation may be 'pure' in terms of its polypeptide 

composition but highly heterogeneous in terms of its photochemical activity. The 

isolation of a photochemically pure and stable sample is often biochemically very 

difficult, and can only be achieved by some degree of interaction between the 

photochemists and biochemists involved. 

The isolated reaction centre of PS II has proved to be no exception. In particular, 

the reaction centre preparations studied at the beginning of my Ph.D project were found 

to degrade too rapidly under illumination to allow meaningful time-resolved 

spectroscopic studies to be undertaken. This instability has subsequently been greatly 

improved, primarily by removing oxygen from the solution and using the detergent 

dodecylmaltoside instead of Triton X-100 during the isolation and resuspension 

procedures. As importantly, it has been possible to establish criteria by which to judge 

the photochemical quality of each sample, thus allowing the monitoring of the degree of 

sample degradation during the course of each experiment. The preparation remains 

significantly less stable than reaction centre preparations isolated from purple bacteria. 

However, with careful handling and the use of appropriate diagnostics, the PS II 

reaction centre preparation is now sufficiently stable to allow in depth spectroscopic 

studies. 

3.1 ISOLATION AND RESUSPENSION OF THE PS II REACTION 
CENTRE. 

The PS H reaction centres used in this thesis were isolated from the leaves of pea 

seedlings (Pisa sativum) by various members of Professor Barber's AFRC 

Photosynthesis Research Group. I am very grateful to them for producing such a 

regular and consistent supply of reaction centres. 
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3.1.1 ISOLATION PROCEDURES 

Reaction centres were initially isolated according to the method of Barber et al. 

[1987], which was based on the approach of Nanba & Satoh [1987]. This method 

involved the preparation of PS 11 enriched membrane fragments (BBY's) [as described 

by Chapman et al. 1988, based on Berthold et al. 1981], followed by solubUisation in 

Triton X-100 and subsequent isolation of the PS n reaction centres using two passes 

down ion-exchange chromatography columns. Briefly, the PS II enriched membranes 

were incubated first at pH 9 to remove the extrinsic proteins, followed by a further 

incubation in 5% Triton X-100 at pH 7.2 for 60 minutes. This incubation procedure is 

thought to unbind the unwanted polypeptides from the central reaction centre complex. 

Following centrifugation, the supernatant was passed down a chromatography column 

containing Fractogel TSK DEAE-650 (S); a number of polypeptides bind to this 

column, including the PS II reaction centre. The binding is dependent upon salt 

concentration, different polypeptides unbind at different salt concentrations. The 

column was washed extensively in 30mM NaCl, 0.2% Triton X-100 at pH 7.2, and the 

remaining bound polypeptides were then removed by applying a linear NaCl 

concentration gradient, the eluted solution being collected in 2ml fractions. The PS II 

reaction centre complex unbound at a salt concentration of approximately 1 lOmM. The 

reaction centres were further purified by passing the fractions eluted at around 1 lOmM 

down a second, similar chromatography column and the washing and elution procedure 

repeated. The PS n reaction centres were finally eluted in a solution containing 1 lOmM 

NaCl, 0.2% Triton X-100, pH 7.2, and then stored at -SO^C. 

More recently, the reaction centres have been isolated using an exchange from the 

detergent Triton X-100 to dodecylmaltoside during the second chromatographic step of 

the isolation procedure. This detergent exchange was found to yield more stable 

reaction centres [Chapman et al. 1988 and see 3.2 below]. The exchange was carried 

out by using 2mM dodecylmaltoside rather than 0.2% Triton X-100 in the buffer 

solution used for elution. Reaction centres isolated by this method (referred to hereafter 

as RC-l's) have been used throughout this thesis, except for some experiments 

described in section 4.6. 

For some of the experiments described in section 4.6, PS II reaction centres were 

isolated [Gounaris et al. 1990] according to the method of Dekker et al. [1989]. This 

method uses a combination of LiCl^ and dodecylmaltoside rather than Triton X-100 

during the isolation of the reaction centre complex from the PS II enriched membranes; 

Triton was, however, still used in the preparation of the enriched membranes. Reaction 

centres prepared by this procedure will hereafter be referred to as RC-2's. 
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3.1.2 SAMPLE COMPOSITION. 

The isolated PS n reaction centre preparations (RC-1) are routinely, assayed for 

their polypeptide composition by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). Five different polypeptides have been detected: D1 (30kDa), D2 (32kDa), the 

a and P sub-units of cytochrome b-559 (lOkDa and 4kDa respectively) and a 4.8kDa 

polypeptide (the psbl gene product) of unknown function [Webber et al. 1989]. 

The pigment composition of the reaction centre preparation is assayed by high 

performance liquid chromatography of pigment extracts; cytochrome b-559 

composition is determined from the reduced-minus-oxidised absorption changes 

observed at 559nm. Early preparations gave a ratio of 4 Chl-a : 2 Ph : 1 P-Carotene : 1 

cyt b-559 and no detectable plastoquinone [Barber et al. 1987, Miyazaki et al. 1989]. 

Recently there has been some controversy over the pigment composition of the reaction 

centre complex (see section 4.6.1). Reaction centres isolated by exchange to 

dodecylmaltoside (RC-l's), as used in this thesis, appear to contain pigments in the 

ratio of 6 Chl-a : 2 Ph : 2 ^-Carotene : approximately 1 cyt b-559 [Gounaris et al. 

1990]. This change probably reflects the isolation of a more native reaction centre 

achieved by the use of the gentle detergent conditions. Reaction centres isolated by the 

method of Dekker et al. (RC-2's) have been determined using the same procedure to 

have essentially the same pigment composition [Gounaris et al. 1990] (see section 

4.6.1 for further details). 

3.1.3 RESUSPENSION CONDITIONS 

For the experiments described in this thesis, the isolated PS II reaction centres have 

been resuspended in two different buffer solutions. Buffer A contained 50mM Tris-

HCl (pH 8 at room temperature) and 2mM dodecylmaltoside, and was used in 

experiments described in sections 3.4,4.4-4.6, 7.3 and chapter 5. Buffer B contained 

20mM Bis-Tris (pH 6.5 at room temperature), 20mM NaCl, lOmM MgCl2, 1.5% 

Taurine (an anti-oxidant) and ImM dodecylmaltoside [as used in Dekker et al. 1989]. 

Buffer B was used in experiments described in sections 4.3, 4.5, 4.6, 7.3 and 7.4; 

comparisons of reaction centres suspended in buffers A and B are described in sections 

3.2, 4.6 and 7.3. 

The stock solution was normally diluted with buffer A or B twenty to forty fold, to 

give a final chlorophyll concentration of lOjigml"^, and a peak Qy-absorption band 

optical density of 0.8-1.0 in a 1cm cuvette. For experiments in sections 7.4, the stock 

solution was diluted approximately six-fold in buffer B to give a final chlorophyll 

concentration of 50pgmrl , and a peak Qy-absorption band optical density of 

approximately one in a 0.25cm path length cuvette. 
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Anaerobic conditions were achieved by the addition of 5mM glucose, 0.1 mg ml'l 

glucose oxidase and 0.05mg rnl'l catalase to the buffer solution prior to the addition of 

the sample; the cuvette was then stoppered. The sample was allowed to stand in the 

dark for five minutes prior to the commencement of any spectroscopic studies. The 

addition of this oxygen scrubbing system reduces the concentration of oxygen in the 

solution, after five minutes at 40C, by a factor of more than 100, as measured by an 

oxygen electrode (Hansatech, King's Lynn, Norfolk). All experiments described in this 

thesis were conducted under anaerobic conditions, unless otherwise stated. 

The reaction centres were maintained at approximately 4^0 throughout the 

resuspension procedures and experiments described in this thesis. The only exception 

is the experiments conducted with the spinning cuvette described in sections 7.4, which 

were carried out at room temperature (21oc). 

3.2 OPTIMISATION OF THE STATE OF THE PS II REACTION 

CENTRE. 

The PS 11 reaction centres isolated and resuspended in Triton X-100 proved to be 

very labile [Barber et al. 1987, Seibert et al. 1988]. Both illumination at 40C and 

incubation in the dark at 20°C resulted in a loss of electron transport activity, as 

measured by the use of artificial electron donors to P680+ and electron acceptors from 

Ph" [Chapman et al. 1988]. This loss of photochemical activity was correlated with a 

blue shifting of the Qy-absorption band of the reaction centre preparation, and an 

increase and blue shifting in the fluorescence maximum [see Booth et al. 1990 & 

1991]. Experiments carried out upon these Triton suspended samples, using the 

picosecond transient absorption spectrometer, were unable to resolve any clear 

absorption transients (see chapter 7); it now appears likely that this lack of observation 

was in part caused by degradation of the sample during the course of each experiment. 

Exchange from Triton X-100 to the milder detergent dodecylmaltoside in the second 

ion exchange column (RC-1 above) resulted in a marked improvement in the stability of 

the reaction centres [Chapman et al. 1988, Seibert et al. 1988, Booth 1990], as judged 

by the above criteria. However, the reaction centres still appeared to degrade rapidly 

under the laser illumination necessary to carry out the time-resolved spectroscopic 

experiments. It was established that this photodamage was primarily caused by oxygen 

quenching of the P680 triplet state, which generates the highly oxidising species, 

singlet oxygen, as described in section 3.4. The use of anaerobic conditions resulted in 

a sample which was sufficiently stable for detailed time resolved spectroscopic study 

[Crystall et al. 1989, Booth et al. 1990, Durrant et al. 1990]. 
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Recently, resuspension of the reaction centres in buffer B rather than buffer A was 

found to further improve the stability of the PS II reaction centres [Gounaris et al. 

1990]. There are several differences between the two buffer solutions, and it is unclear 

which factor is primarily responsible for the observed improvement in stability. 

Experiments carried out in the final year of this thesis, described mainly in chapter 7, 

were conducted using buffer B rather than buffer A (see also section 4.6 for a 

comparison). 

3.3 ROUTINE ASSAYS OF THE STATE OF THE PS H REACTION 

CENTRES. 

Experiments were carried out during this thesis upon PS n reaction centres from 

several different isolation batches. The purity of each batch, almost without exception, 

was determined by monitoring their nanosecond fluorescence decay kinetics, work 

conducted by my colleagues Dr's Ben Crystall and Paula Booth. The fluorescence 

decay kinetics have been observed to be a very sensitive assay of the quality of the 

reaction centre preparation. All batches used in this thesis exhibited an approximately 

40% yield of a 37ns fluorescence component, which has been shown to be attributable 

to charge recombination from the primary radical pair state [Crystall et al. 1989, Booth 

et al. 1990, see also section 4.3]. A similar yield of a 6ns fluorescence component was 

also observed, this was attributed to chlorophyll molecules uncoupled from the primary 

charge separation process. Degradation of the PS 11 reaction centres was observed to 

result in a rapid loss of the 37ns fluorescence component, and an increase in the 6ns 

component [Crystall et al. 1989, see also Booth et al. 1990]. These changes were 

accompanied by a blue shifting of the Qy-absorption and fluorescence maxima; changes 

in the fluorescence decay kinetics could be observed after a blue shift of only 0.5nm. 

Measurement of these nanosecond fluorescence decay kinetics, and a comparison 

between the steady state fluorescence yields of the PS n reaction centre preparation and 

of chlorophyll-a in ether, allowed an absolute estimate of the preparation purity [Booth 

et al. 1990]. Chlorophyll-a in ether was measured to be 8.5 times more fluorescent than 

the isolated PS II reaction cenfre preparation. Allowing for the contribution of 

uncoupled chlorophyll, this indicated that the intact PS II reaction centres were 0.06 as 

fluorescent as chlorophyll-a in ether. A comparison of the fluorescence yield of the 

uncoupled chlorophyll (the 6ns component) to that of the chlorophyll-a in ether allowed 

an estimation that only (6±1)% of the total chlorophyll present in the preparations were 

chlorophyll uncoupled from the active PS II reaction centres [Booth et al. 1990]. In 
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other words, the preparations used in this thesis are estimated to be at least 94% 'pure', 

in the sense that 94% of the chlorophylls in the preparations are energetically coupled to 

the primary charge separation process. 

In addition, the state of the isolated PS 11 reaction centres was monitored before, 

during and after all experiments described in this thesis by noting the position and/or 

optical density of the preparation's Qy-absorption band maximum. If degradation 

occurs there is a blue shift and decrease in this maximum from its initial value of 

(675.5-676)nm. This blue shift has been correlated with: a loss of reaction centre 

electron transfer ability between exogenous donors and acceptors [Chapman et al. 1988 

& 1989, Telfer et al. 1989], loss of circular dichroic activity [He et al. 1990], loss of 

charge recombination fluorescence [Crystall et al. 1989] and loss of P680 triplet yield 

[Durrant et al. 1990] (see also section 4.4.1). The blue shift is induced by a specific 

bleaching of a spectral species with an absorption maxima at approximately 680nm, and 

a bandwidth of 12nm, which has been assigned as P680 [Telfer et al. 1990]. 

The Qy-absorption band of the reaction centre preparation initially peaked at above 

675.5nm for all experiments and shifted by less than 0.5nm during the course of the 

experiment, unless otherwise stated. A blue shift of Inm has been observed to result in 

only a 5% reduction in the proportion of chlorophylls in the PS II reaction centre 

preparation which are coupled to primary charge separation. This blue shift was 

observed to induce a reduction of at most 10% in the amplitude of some absorption 

changes observed in chapters 4 and 5. Where necessary, this reduction in amplitude 

was corrected for by normalising against the reduction observed at a reference 

wavelength. 

3.4 OXYGEN QUENCHING OF THE P680 TRIPLET STATE: A 

MECHANISM FOR PHOTODAMAGE. 

3.4.1 RESULTS. 

There have been several observations that the removal of oxygen from a suspension 

of the isolated PS II reaction centres significantly increased its resistance to 

photodamage [Crystall et al. 1989, Mctavish et al. 1989, Telfer et al. 1989 & 1990, 

Durrant et al. 1990b]. This is illustrated in figure 3.1 (from Durrant et al. 1990b) which 

shows a plot of the effect of preillumination with white light upon the position of the 

maximum of the Qy-absorption band of the PS II reaction centre, observed under both 

aerobic and anaerobic conditions. The blue shift observed primarily under aerobic 

conditions has been correlated with a loss of photochemical activity (see section 3.3 

above). 
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FIGURE 3.1. 
A plot of the position of the Qy-absorption maximum of the PS II reaction centre 

preparation as a function of white light preillumination time under a) aerobic (o) and b) 

anaerobic (+) conditions. Light preillumination was carried out progressively upon the 

same sample, all points are the average of two experiments. Illumination intensity 

approximately SOO^iEinsteinsm'^s-l. The sample had a chlorophyll concentration of 

10}igml'l and was suspended at 4°C in buffer A. In b) 5 mM glucose, 0.1 mgml"^ 

glucose oxidase and 0.05 mgml"^ catalase were added. 
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FIGURE 3.2. 
Flash induced absorption changes observed in PS II reaction centres at 740nm 

under a) aerobic and b) anaerobic conditions. The sample had a chlorophyll 

concentration of lOjigml"^ and was suspended at 4®C in buffer A, anaerobic conditions 

achieved as in figure 3.1b. Apparatus conditions as described in section 2.3. Each 

decay is the average of approximately 50 flashes. 
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Figure 3.2 shows flash induced absorption transients observed at 740nm in the PS 

II reaction centre preparation, observed using the experimental apparatus described in 

section 2.3. These transients have monoexponential lifetimes of (33±3)!lis under 

aerobic conditions, lengthening to (1.0±0.1)ms when oxygen is removed from the 

sample. A detailed study of these transients is described in section 4.4, in which they 

are attributed to the decay of the P680 triplet state. The lifetime change observed upon 

the addition of the oxygen scrubbing system is partially reversible upon storage of the 

sample overnight at -10°C. This is attributed to the consumption of the glucose 

necessary for oxygen removal, subsequent addition of more glucose lengthens the 

lifetime again to approximately 1ms. The initial optical density changes (determined by 

plotting the decays on a log/linear scale and extrapolating back to zero time) are similar 

under both aerobic and anaerobic conditions. The removal of oxygen therefore changes 

the lifetime, but not the yield of the P680 triplet state. A similar lengthening of this 

lifetime has also been observed upon the removal of oxygen by degassing or by the 

addition of dithionite [Mathis et al. 1989]. 

3.4.2 DISCUSSION 

It has previously been observed that carotenoidless reaction centres isolated from 

some purple bacteria undergo photodamage when exposed to prolonged illumination 

under aerobic conditions [see Cogdell & Frank 1987 for a review]. For example, 

Boucher et al. [1977] studied carotenoidless reaction centres isolated from 

Ehodospirillim rubnm . They observed the irreversible bleaching of the reaction 

centre bacteriochlorophylls under exposure to intense infrared light in the presence of 

oxygen, and used reporter molecules to determine that this bleaching was due to the 

formation of singlet oxygen. Singlet oxygen can be generated by oxygen quenching of 

chlorophyll triplet states [Cogdell & Frank 1987], and is an extremely reactive species 

which is known to damage biological tissue [Asada & Takahashi 1987]. Therefore it 

seems likely that the photodamage of the isolated PS n reaction centres by prolonged 

illumination under aerobic conditions, as observed in figure 3.1, is also largely due to 

the formation of singlet oxygen, generated by the reaction: 

^P680 + ^02 ^ P680+^02 3.1 

1 
where O2 is the ground state of oxygen and O2 is a singlet state. That this 

mechanism is active is confirmed by the quenching of the P680 triplet state observed in 

this PS II reaction centre in the presence of oxygen (figure 3.2). 
It is interesting to note that the site at which the singlet oxygen is generated, namely 
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P680, also appears to be the site at which singlet oxygen induced photodamage is 

observed [Telfer et al. 1990]. This observation is consistent with the known high 

reactivity of singlet oxygen; it is plausible that the singlet oxygen would react before it 

could diffuse away from its site of generation. It is not clear whether the singlet oxygen 

damages P680 directly, or whether it attacks the adjacent protein environment and 

thereby destablises P680. 

The rate of oxygen quenching of the P680 triplet state is approximately ten times 

less than that seen in non-viscous solvents for chlorophyll-a [Bensasson et al. 1983]. 

This indicates that either the local oxygen concentration (inside or near the protein), or 

the rate of oxygen diffusion, is lower within the reaction centre than in the aqueous 

medium. 

3.4.3 PHOTODAMAGE OF PHOTOSYSTEM TWO IN VIVO . 

The D1 polypeptide in vivo is turned over in the plant much more rapidly than any 

other polypeptide [Kyle et al. 1984]. One component of this turnover process is the 

breakdown, or 'degradation', of the D1 polypeptide. Intense illumination has been 

observed to enhance the rate of D1 degradation. Intense illumination has also been 

observed to result in the 'photoinhibition' of PS II photosynthetic activity, as monitored 

by, for example, a reduction in the rate of oxygen evolution, and also induces a 

reduction in fluorescence yield [for further details see Andersson & Styring 1991, 

Powles 1984]. It has recently been suggested that photoinhibition involves the double 

reduction and subsequent irreversible loss of Qa [Styring et al. 1990, van Miegham et 

al. 1990, reviewed in Andersson & Styring 1991]. Another study has recently linked 

the formation of the highly oxidising species P680+ with D1 degradation [Shipton & 

Barber 1991]. At present it is unclear whether the mechanism of photoinhibition is also 

the primary mechanism of the photodamage of PS H in vivo which necessitates the 

high rate of D1 turnover. 

It has yet to be established whether the singlet oxygen photodamage mechanism 

based on equation 3.1 has a significant role in the photodamage of PS II in vivo, 

although several recent studies have lent support to this suggestion [see Andersson & 

Styring 1991]. The yield of chlorophyll triplet states in active PS II particles in vivo is 

certainly very low. However, given the many thousands of electron transfer cycles 

which each PS II reaction centre undergoes during the typical lifetime of the D1 

polypeptide, this low yield does not rule out this singlet oxygen photodamage 

mechanism. Carotenoids are known to have a photoprotective function in 

photosynthesis, quenching chlorophyll triplet states and thereby reducing the yield of 
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singlet oxygen [see Cog dell & Frank 1987 and section 4.4]. In the isolated PS II 

reaction centre, the P680 triplet state is not efficiently quenched by carotenoid (see 

section 4.5). However the quenching efficiency in larger PS 11 particles has not been 

measured; this should clearly be an important goal of future studies if the photochemical 

feasibility of this photodamage mechanism is to be established. 

The role of oxygen in the photoinhibition and/or photodamage of PS 11 in vivo is 

the subject of much debate [see Asada & Takahashi 1987, Krause & Comic 1987, 

Andersson & Styring 1991]. Several studies have indicated that oxygen has an 

ambiguous role [for example Richter et al. 1990]. Under certain conditions the presence 

of oxygen has photoprotective role; it has been observed to reduce photoinhibition of 

PS II [see Krause & Comic 1987, Setlik et al. 1990], probably by acting as an electron 

acceptor for excess electrons from PS II. However, several recent studies have 

suggested that D1 degradation is triggered by an oxygen mediated reaction [reviewed 

by Andersson & Styring 1991]. 

A mechanism for photoinhibition and D1 degradation involving the singlet oxygen 

reaction has recently been proposed by Andersson & Styring [1991]. They have 

suggested that high light levels result in the, possibly reversible, unbinding of and 

photoinhibition as above. After the loss of Q \ subsequent light absorption results in 

the formation of the P680 triplet state with a high yield, this state is then quenched by 

oxygen as in equation 3.1 above, generating singlet oxygen. The singlet oxygen reacts 

with PS II and triggers the degradation of the D1 polypeptide. This mechanism may be 

active in vivo in addition to other mechanisms for photoinhibition and D1 degradation, 

such as damage caused by the highly oxidising P680+ state [Shipton & Barber 1991]. 

Bacterial reaction centres do not appear to be as susceptible to photodamage in vivo 

as PS II. It is interesting to note that, unlike PS II, the special pair triplet state in 

bacterial reaction centres is probably too low in energy to generate singlet oxygen with 

a high yield [see Cogdell & Frank 1987 and Takiff & Boxer 1988]. At present it is 

unclear whether the correlation between these two observations has any significance. 
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CHAPTER FOUR: REACTIONS PROCEEDING FROM THE 
PRIMARY RADICAL PAIR STATE. 

This chapter describes transient absorption studies of the PS II reaction centre 

preparation conducted on the time scale of nanoseconds to milliseconds. There were 

two principle aims to these experiments. Firstly the experiments have yielded useful 

results in their own right, most notably the development of a kinetic model for the 

decay pathways from the primary radical pair state active in the PS n reaction centres. 

The results are of relevance to current debates about the nature of P680 and 

mechanisms of photodamage of PS II in vivo . In addition, these experiments were 

used, in conjunction with the experiments described in chapter three and by Booth 

[1990], to determine the optimum sample conditions appropriate for the ultrafast 

transient absorption experiments described in chapter 7. 

The primary foci of this chapter are the P-carotene and P680 triplet states observed 

on a micro- to millisecond time scale following optical excitation of the PS II reaction 

centres (sections 4.4, 4.5 and 4.6). It is shown that these states are products of charge 

recombination from the primary radical pair state. Chapter 7 discusses the formation of 

this primary radical pair, observed on a picosecond time scale. Section 4.3 emphasizes 

the link between these two aspects of the photochemistry of PS II by describing the 

nanosecond kinetics of the charge recombination from the primary radical pair. I am 

particularly grateful to Dr's Paula Booth and Linda Giorgi for their contributions to 

some of the work described in this chapter. Most of the results described in sections 

4.4 and 4.5 have been published in Durrant et al. [1990a]. 

4.1: INTRODUCTION. 

4.1.1 CHARGE RECOMBINATION FROM THE PRIMARY RADICAL PAIR. 

The isolated D1/D2/ cytochrome b-559 PS 11 reaction centre does not contain the 

secondary electron acceptors Qa and Qg, and Z, the secondary electron donor, appears 

to be largely inactive (see discussion in section 1.4.2). Therefore the light induced 

electron transfer properties of the PS II reaction centres, in the absence of added 

artificial electron donors or acceptors, are restricted to the formation of the radical pair 

P680'^Pheophytin" and charge recombination pathways from this state. 
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The primary radical pair state was first observed in PS II reaction centres by 

Danielius et al. [1987]. They monitored the transient absorption changes between 

450nm and 685nm, and concluded that the exponential lifetime of the primary radical 

pair, which they assigned to the state P680'^Ph-, was 36ns. Subsequently, Takahashi 

et al. [1987] obtained a i\j2 lifetime of 32ns by monitoring the absorption change at 

820nm. The lifetime of the P680* state was determined by transient fluorescence 

spectroscopy to be approximately 37ns [Crystall et al. 1989, Govindjee et al 1990, 

Booth et al 1990], in good agreement with the transient absorption studies. 

A kinetic model of the electron and energy transfer pathways now believed to be 

active in PS II reaction centres is shown in figure 4.1. Several of the pathways and 

rates given in this model are the conclusions of studies described in this thesis, the 

captions in brackets give the appropriate section where each aspect of the model is 

discussed. 

There are a number of possible decay pathways from the P680* ^ P680^Ph" 

equilibrium system: radiative or non-radiative decay to the ground state from P680*; 

non-radiative charge recombination directly from the singlet radical pair state to the 

ground state; or charge recombination from the triplet radical pair state to the P680 

triplet state. Only the latter pathway gives rise to a relatively stable product state, the 

P680 triplet state. This state is the principle focus of this chapter. 

4.1.2 THE P680 TRIPLET STATE. 

Prior to the commencement of the work described in this chapter, three reports had 

been published characterising the chlorophyll triplet state observed in the PS II reaction 

centre preparation. An EPR signal characteristic of a spin polarized chlorophyll triplet 

state was observed when this preparation was illuminated at liquid helium temperatures 

[Okamura et al. 1987, Telfer et al. 1988, also recently Searle et al. 1990]. This signal 

was observed to have an AEEAAE (A = absorption, E = emission) spectrum. Such a 

spectrum indicates that the chlorophyll triplet state is spin polarized, in other words the 

magnetic sub-levels of the triplet state were not populated according to a Boltzmann 

distribution. This polarization pattern had previously been shown to arise for 

chlorophyll triplets formed by charge recombination from a triplet radical pair state [for 

a review of the mechanism, see Hoff 1979]. This observation [Okamura et al. 1987] 

was the first clear evidence that the isolated PS II reaction centre was capable of 

forming a photoinduced radical pair state, indicating that it was indeed the reaction 

centre of PS II. 

Transient optical absorption spectroscopy has also been used to detect a chlorophyll 

triplet in the isolated PS II reaction centre preparation [Takahashi et al. 1987]. At 276K 
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FIGURE 4.1: 

A kinetic model of the electron and energy transfer pathways thought to be active in 

the PS n reaction centre. References in square brackets give the sections in this thesis 

where the corresponding pathway is discussed. 
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the ti/2 lifetime of this triplet state was 30^s, lengthening to 0.9ms at 5K. In the former 

case the triplet quantum yield was approximately 23% increasing to 80% at lOK. The 

Qy-absorption band bleached by chlorophyll triplet formation was observed to peak at 

680nm-685nm, and the triplet was therefore assigned to the primary electron donor, 

P680. 

Chlorophyll triplet states have previously been studied in more complex PS 11 core 

particles. These triplet states were only observed under reducing conditions, generally 

achieved by the addition of dithionite, which, it was thought, resulted in the formation 

of Q^" (see section 1.3). Takahashi et al. [1987], using transient absorption 

spectroscopy, observed a chlorophyll triplet state which had a similar lifetime and 

spectrum to the triplet state observed in the isolated PS II reaction centre, and was 

therefore attributed to the P680 triplet state. A (10-15)% yield of a chlorophyll triplet 

state attributed to 3p680 was also observed by Schlodder and Brettel [1988], this state 

was characterised by a maximum bleach at 680nm. 

A chlorophyll triplet state, also assigned to P680, has been studied in PS II core 

particles using the technique of absorbance-detected EPR in zero magnetic field 

(ADMR) [den Blanken et al. 1983]. A low temperature triplet-minus-singlet absorbance 

difference spectrum was obtained for the P680 triplet state, characterised by a strong 

bleaching centred at 682nm and an absorption increase at 665nm. This difference 

spectrum was shown to be similar to the triplet-minus-singlet spectrum observed both 

for chlorophyll-a dimers in methylcyclohexane and also for the primary donor of 

photosystem one (P700), but was different to that observed for monomeric 

chlorophyll-a in ethanol. It was suggested [den Blanken et al. 1983] that this was 

evidence for the dimeric nature of P680, with the P680 triplet state being localised (at 

least at liquid helium temperatures) on one of the two chlorophyll-a molecules of the 

dimer. The absorption increase at 665nm was attributed to the appearance of a 

monomeric ground state absorption band caused by the breaking of the excitonic 

interaction due to triplet formation. 

Rutherford has reviewed EPR studies of the spin polarized chlorophyll triplet state 

induced by illumination of PS n cores under reducing conditions at liquid helium 

temperatures [Rutherford 1986 and references therein]. Using EPR it is possible to 

determine the degree of splitting of the three sublevels of the triplet state, the energies of 

the splitting in the absence of an applied magnetic field being characterised by the 

parameters D and E. These sublevels are split in energy due to the interactions 

involving the magnetic moments of the electrons. The magnitude of the D parameter 

reflects the degree of delocalisation of the triplet state. The value of the D parameter 

determined for the chlorophyll triplet state observed in PS II (both core and reaction 

centre particles) was very similar to that observed for monomeric chlorophyll triplets in 
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vitro . This indicated that the PS n chlorophyll triplet state resided upon a single 

chlorophyll molecule. This contrasted with the D parameter observed for the 

bacteriochlorophyll triplet state (3p) observed in the reaction centres of purple bacteria. 

This D parameter was 20% smaller than that measured for bacteriochlorophyll in vitro , 

which indicated that the triplet state was delocalised over both molecules of the bacterial 

special pair. 

In addition, EPR studies have been carried out upon orientated PS II core particles 

[also reviewed in Rutherford 1986], indicating that the triplet state resides upon a 

chlorophyll molecule whose plane was orientated parallel to the membrane plane (but 

see also very recent results discussed in section 4.4.2.4). This orientation is 

perpendicular to the orientation of the special pair in the reaction centres of purple 

bacteria [Deisenhofer et al. 1984]. This observation is surprising, given the supposed 

homology of the reaction centres of PS II and purple bacteria, as discussed previously 

in section 1.4.4. The orientation and localisation of the PS II triplet state observed by 

the EPR measurements led Rutherford to suggest that this triplet state may reside not 

upon P680 but rather upon an accessory chlorophyll molecule [Rutherford 1986]. This 

would contradict the conclusions of den Blanken et al. discussed above. An alternative 

possibility is that the nature or orientation of the primary donor may be rather different 

in PS II compared to that in purple bacteria. 

It has recently been suggested from EPR studies [van Mieghem et al. 1990] that the 

addition of sodium dithionite to PS n core particles can lead to the double reduction and 

subsequent irreversible loss of Qa- It was suggested that, at room temperature, a spin 

polarized chlorophyll triplet was formed after the loss of Q^, but not under conditions 

in which was only singly reduced. It is not clear how this possibility may have 

affected the studies of PS II core particles discussed above. 

In 4.31 describe transient absorption experiments conducted upon the isolated PS II 

reaction centre preparation stabilised as described in chapter 3. The results constitute a 

similar but more detailed study of the P680 triplet state observed in this preparation than 

that conducted by Takahashi et al.. The present study was conducted at 4°C, whereas 

the results of Takahashi et al. were primarily obtmned at 50K. In addition I will discuss 

my results in relation to the contrasting conclusions reached by Rutherford and den 

Blanken et al., as outlined above. 

4.2 MATERIALS AND METHODS 

Sample conditions are as described in section 3.1. All experiments were carried out 

using PS II reaction centres (RC-l's) suspended in buffer A under anaerobic 
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conditions, unless otherwise stated. 

The state of the isolated PS 11 reaction centres was monitored during all experiments 

by noting the position of tiie Qy-absorption band maximum. If degradation occurs there 

is a blue shift in this maximum from its initial value of 675.5-676nm (as discussed in 

section 3.3). The Qy-absorption band of the reaction centre preparation was centred at 

(675.5±0.5)nm throughout the experiments described below, unless otherwise stated. 

Samples were maintained at 4°C during all measurements and had an optical density at 

676nm of approximately 0.8. 

Transient absorption data were measured with the transient absorption spectrometer 

described in full in section 2.3.3. The excitation pulses were approximately 0.45mJ at 

337nm. A tungsten lamp was used as the monitoring light source for the microsecond 

measurements. The detection bandwidth was fixed at either 2nm or 4nm and the 

response time of the system was 150ns. However, times less than ~2jis could not be 

observed due to a saturating fluorescence / laser scatter flash. Any fluorescence artifacts 

were subtracted from the signal. All transients were averaged for 50-250 flashes, 

depending upon the size of the signal under study. For the nanosecond measurements, 

a 820nm laser diode was used as the monitoring source, and for these experiments the 

system had a 3ns response time (see section 2.3.5). Steady state absorption 

measurements were made using a Perkin-Elmer 554 spectrophotometer. 

Quantum yields of the product states are defined as the yield of product state per 

absorbed photon. They are determined as follows. The concentration of excited reaction 

centres ([R*]) is determined from the optical density of the sample at 337nm and the 

energy of the excitation pulse illuminating 1cm3 of the sample. The concentration of 

product states ([?*]) formed is determined from the magnitude of the flash induced 

change in optical density, extrapolated to t=0 (AOD(X, t=0)). Difference extinction 

coefficients (e(X)) of 38(K3M"lcm"l at 820nm and 15,000M"lcm"l at 520nm are used 

for the P680 triplet-minus-singlet absorption change [Mathis & Setif 1981], 12,4(X)M" 

lcm"l at 820nm for the formation of P680+ Ph" [Takahashi et al. 1987], and 

l(X),0(X)M"lcm"l for the peak of the carotenoid triplet-minus-singlet absorption change 

observed at approximately 530nm [Bensasson et al. 1983]. The quantum yield (Q.Y.) 

can then be calculated from 

Q.Y. = AOD(X,t=0) /{e(A)x[R*]} = [P*]/[R*] 4.1 

(see also equation 2.7) 

The calculation of the quantum yields is independent of the number of chlorophylls 

per reaction centre. The margin of error in this measurement is large, principally caused 
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by the inaccuracy in determining the excitation energy incident upon the sample in the 

probed volume. An additional source of potential error arises from the extinction 

coefficients which are used. These were determined for the triplet and / or radical states 

of chlorophyll a, pheophytin a and jg- carotene in vitro , extinction coefficients for these 

states in vivo have not been determined. Moreover, extinction coefficients of transient 

species in vitro are notoriously difficult to measure, and typically vary by tens of 

percent when determined by different research groups [see Carmichael et al. 1987]. The 

quoted error limits do not include the potential inaccuracy in the extinction coefficients. 

4.3 T H E N A N O S E C O N D K I N E T I C S OF C H A R G E 

RECOMBINATION FROM THE PRIMARY RADICAL PAIR. 

The flash induced change in optical density of the PS II reaction centre preparation, 

observed at 820nm on a nanosecond time scale, is shown in figure 4.2 (courtesy of Dr 

Paula Booth and colleagues). The initial positive absorption change decays over 

approximately 100ns to a small residual absorption change which does not decay 

significantly on this time scale. Similar absorption transients have been observed 

previously [Takahashi et al. 1987, Satoh et al. 1989]; the nanosecond decay was 

attributed to the decay of the primary radical pair state, and the relatively long lived 

residual to the P680 triplet state. 

Also shown in figure 4.2 is the instrument response function, demonstrating the 

approximately 3ns response time of the system, deconvolution results in an effective 

time resolution of approximately Ins. The solid line in figure 4.2 is the best fit curve, 

fitted by a Marquardt iterative reconvolution algorithm [see Crystall 1990] to a sum of 

four exponentials decay model. All the lifetimes were fitted free running apart from Tl, 

which was fixed at the 4.7|is time constant of an electronic high pass filter. The 

lifetimes and pre-exponential amplitudes of the four decay components are inset in 

figure 4.2. The details of the analysis and the justification for using a four exponential 

decay model are discussed in Booth et al. [1991]. Tl is assigned to the P680 triplet 

state, with a lifetime of at least 4.7|js (actually 1ms, see figure 4.3). T2 - T4 are 

assigned to a multiexponential decay of the primary radical pair state, witii lifetimes of 

2ns, 18ns and 56ns. 

It would appear tiiat the (30-40)ns lifetime observed previously for the radical pair 

decay by both fransient absorption and fluorescence measurements (see section 4.1.1) 

was the mean lifetime of more complex decay kinetics. The decay is observed over 

5(X)ns in figure 4.2, which is considerably more than the full scale time delay used in 

most of the previous studies. Such a large time window appears to be necessary to the 
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FIGURE 4.2: 
The flash induced absorption changes observed in the PS II reaction centres at 

820nm, observed on a nanosecond time scale. Also shown is the instrument response 

function, the best fit decay curve, fitting to a sum of four exponentials, and the 

residuals. See text for details. Table shows the lifetimes and relative amplitudes of the 

three nanosecond decay components, the fourth component decayed with a 4.7^5 

lifetime fixed by an electronic filter. Reactions centres (RC-l's) suspended in buffer B 

under anaerobic conditions. 
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separate decay components. Recent time resolved fluorescence measurements 

conducted over a similar time range have resolved quantitatively similar lifetimes 

[Booth et al. 1991]. 

The transient absorption changes observed in figure 4.2 allow an estimation of the 

quantum yields of radical pair and P680 triplet states. If it is assumed that the initial 

absorption change is entirely due to the formation of the primary radical pair, the radical 

pair quantum yield can be determined using equation 4.1 to be (110±20)%. This is the 

quantum yield of radical pair states per absorbed photon, and is independent of the 

number of chlorophylls per reaction centre. This near unity quantum yield indicates that 

the isolated PS II reaction preparation is photochemically highly active, in agreement 

with the conclusions of the time resolved fluorescence studies (see section 3.3). 

The yield of P680 triplet per radical pair state can also be determined from the data 

shown in figure 4.2, assuming that the long lived residual absorption change can be 

attributed to the P680 triplet state. By comparing the amplitude of the initial and residual 

absorption changes, and using the extinction coefficients given in section 4.2, the yield 

of P680 triplet states per primary radical pair can be estimated to be approximately 

27%. This calculation is in agreement with the quantum yield of the P680 triplet state 

estimated from millisecond transient absorption measurements in section 4.4.1. 

4.4 THE P680 TRIPLET STATE 

4.4.1 RESULTS. 

In chapter 3,1 described the observation of a flash induced absorption transient 

attributed to the P680 triplet state. This transient had a lifetime of 1ms under anaerobic 

conditions, shortening to 33ps under aerobic conditions. Figure 4.3a shows typical 

AOD transients observed under anaerobic conditions at 740nm, 680nm and 530nm. A 

log/linear plot of this data is shown in figure 4.3b, the decays are clearly 

monoexponential, within the signal to noise of the experiment, with a lifetime of 

(1.0±0.05)ms. A second, relatively small, decay component, with a 12|is lifetime, has 

also been observed: this is attributed to a 3p680 / carotenoid triplet equilibrium and will 

be discussed in section 4.5. 

The transient absorption difference spectrum of the 1ms component observed under 

anaerobic conditions is shown in figure 4.4. This spectrum, taken at 4®C, is similar to 

spectra observed at low temperatures in both PS n reaction centres suspended in Triton 
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FIGURE 4.3: 

The flash induced absorption changes observed in PS II reaction centres at 680nm, 

520nm and 740nm on a millisecond time scale. Plotted on a linear (4.3a) or log/linear 

(4.3b) scales, with the absorption changes observed at 680nm scaled down by a factor 

of 7.5. The straight lines in figure 4.3b are the linear least squares best fits, with 

lifetimes of 1.035ms (680nm), 1.00ms (520nm) and 1.024ms (740nm). Reaction 

centres suspended in buffer A under anaerobic conditions. Averages of approximately 

50 flashes. 

113 



X-100 [Takahashi et al. 1987] and larger PS n core particles [den Blanken et al. 1983]. 

These low temperature spectra have been attributed to the P680 triplet state. The 

spectral features observed by Takahashi and den Blanken are narrower than those 

observed in figure 4.4 due to the lower temperatures used. The peak observed at 

530nm in the 1ms spectrum shown in figure 4.4 was also observed, but less resolved, 

by Takahashi et al. [1987]. However it was not observed by den Blanken et al. [1983] 

(using a different experimental technique and larger particles, see section 4.1.2) nor 

was it observed in studies of the triplet state of chlorophyll-a in vitro [Bensasson et al. 

1983]. The significance of this feature will be discussed in section 4.5. A careful 

analysis of the transient absorption bleach in the 660 to 690nm region is shown in 

figure 4.5, where the spectral resolution is 2nm. This bleach has a peak at (680.5 ± 

0.5) with a bandwidth (FWHM) of (12 ± l)nm. 

Figure 4.6a shows the loss of the P680 triplet yield, measured under aerobic 

conditions, plotted against total exposure to the 337nm excitation of the nitrogen laser. 

The P680 triplet yield was measured by extrapolating the triplet decay curve to t=0, and 

is expressed in relative terms. The loss of P680 triplet yield is accompanied by a blue 

shift in the Qy-absorption band maximum (figure 4.6b). Under anaerobic conditions, 

there is a significantly slower blue shift in the Qy-absorption maximum caused by the 

laser excitation (data not shown). The increased stability of the sample resulting from 

the removal of oxygen is not as marked under UV laser illumination as that observed 

under white light illumination (figure 3.1). A reduction in triplet yield is also observed 

upon white light preillumination of the sample under aerobic conditions. Under these 

photodamaging conditions, the decay of this/these triplet state(s) becomes 

multiexponential (data not shown), indicating an increased heterogeneity in the 

photodamaged sample. Care was taken to ensure that the photodamaging effect of the 

laser excitation did not significantiy affect the results presented in this chapter, achieved 

by monitoring the peak position of the longest wavelength absorption band (as 

discussed in Materials and Methods). 

Triplet yields start to become non-linear versus excitation energy at high pump 

intensities due to multiple excitations of individual reaction centres. The P680 triplet 

quantum yield was therefore determined for low pump intensities, using the method 

described in section 4.2. The P680 triplet quantum yield, determined at both 820nm 

and 520nm using equation 4.1, is estimated to be approximately (30±6)%, under both 

aerobic and anaerobic conditions. This is in good agreement with the quantum yield of 

the P680 triplet state estimated from the nanosecond absorption transient in section 4.3. 

This agreement is encouraging as the two estimations used different approaches. The 

quantum yield determined in this section used equation 4.1, and required an estimation 

of the concentration of excited reaction centres ([R*]). The quantum yield estimated in 
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FIGURE 4.4: 

The transient absorption difference spectrum of the 1ms kinetic component 

observed in figure 4.3 and assigned to the P680 triplet state. AOD s were extrapolated 

back to zero time. AOD's shown in insert around 680nm are taken from figure 4.5. 

Sample conditions were as in figure 4.3 (anaerobic) and the detection bandwidth was 

4nm. 
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FIGURE 4.5: 

Transient absorption difference spectrum of the 1ms kinetic component shown in 

figure 4.3 and assigned to the P680 triplet state. Experimental conditions as in figure 

4.3, except the detection bandwidth was reduced to 2nm. 
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FIGURE 4.6: 

4.6a) A plot of the relative P680 triplet yield in PS II reaction centres against 

exposure to laser illumination. Relative triplet yields were determined from the 

amplitude of the 1ms absorption kinetic monitored at 680nm (+ symbols) and 740nm (o 

symbols). The laser pulse energy was 0.45mJ at 337nm. The total exposure is in terms 

of total number of 337nm pulses absorbed by the sample. 4.6b) A plot of the 

correlation between the relative triplet yield and the blue shift in the Qy-band absoiption 

maximum. Reaction centres suspended in buffer A under aerobic conditions at 40C, no 

oxygen scrubber system was added. 
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section 4.3 compares the amplitude of the absorption change attributed to the P680 

triplet with that attributed to the radical pair state; this estimation is therefore dependent 

on the difference extinction coefficient used for the primary radical pair state, but is 

independent of [R*]. 

4.4.2 DISCUSSION. 

4.4.2.1 Mechanism of formation of the P680 triplet state 

There are two possible mechanisms of P680 triplet formation in the PS II reaction 

centre: i) primary charge separation to the singlet radical pair state, intersystem crossing 

from the singlet to the triplet radical pair state and subsequent charge recombination 

from the triplet radical pair state [for review see Hoff 1981] and ii) direct intersystem 

crossing from the P680 singlet excited state. Our results indicate that the P680 triplet is 

predominantly formed by the charge recombination mechanism at 4°C. A similar 

conclusion was also reached from EPR studies of the reaction centre conducted at low 

temperatures [Okamura et al 1987, Telfer et al. 1988]. The reasons for our assignment 

are as follows. Firstly, increased photodamage of the reaction centre under aerobic 

conditions, as judged by the shifting of the Qy-absorption peak to shorter wavelengths, 

shows a correlation between the loss of triplet yield (figure 4.6b) and the loss of the 

37ns fluorescence decay component attributed to charge recombination from the singlet 

radical pair state [Crystall et al. 1989]. This correlation supports the hypothesis that 

both the 37ns fluorescence component and the P680 triplet state result from charge 

recombination from the primary radical pair state. Secondly, if the P680 triplet was 

predominantly formed directly by intersystem crossing from the P680 singlet excited 

state, then it is estimated (see below) that its quantum yield would be only -4% at 4°C 

and not 30% as we observe; moreover the triplet yield would be expected to increase 

during photodamage. The 4% value is estimated from the fact that, for chlorophyll-a in 

organic solution, its triplet yield is about twice the fluorescence yield [Bowers & Porter 

1967]. Since the fluorescence quantum yield for the isolated PS II reaction centre is 

only 2% (see Materials and Methods), it follows that the P680 triplet yield, formed by 

direct intersystem crossing, should be only of the order of 4%, the remaining 26% 

being formed by charge recombination from the radical pair state. During photodamage 

induced by white light illumination, there is an increase in the fluorescence quantum 

yield of the PS II reaction centre preparation [Booth et al .1990], and it is therefore 

likely that the yield of chlorophyll triplet formed by direct intersystem crossing wUl also 

increase during photodamage. The fact that we observe a decrease in triplet yield during 
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photodamage under aerobic conditions confirms that the amount of triplet formation due 

to this direct intersystem crossing mechanism is relatively low for intact PS II reaction 

centres. 

4.4.2.2 Is P680 a pair of chlorophyll molecules ? 

The strongest support for a primary electron donor of PS n being a special pair of 

chlorophyll molecules comes from the sequence homology between the D1 and D2 

polypeptides, and the L and M polypeptides of purple bacteria (see section 1.4.4). 

However, the data observed above also supports this conclusion. 

The transient triplet-minus-singlet absorption difference spectra shown in figure 4.4 

& 4.5 support the suggestion that the observed chlorophyll triplet state resides upon 

P680. If this is so then the spectrum in figure 4.5 will contain negative contributions 

from the bleaching of any P680 absorption, and positive contributions from any triplet 

state absorption. The latter contribution is relatively constant and small over the 

wavelength range shown [Linshitz & Sarkanen 1958]. The spectrum in figure 4.5 can 

not be caused by formation of a pheophytin triplet state as this would be inconsistent 

with the position of the sidebands observed at 630nm and 590nm in figure 4.4. 

Therefore it must be due to formation of a triplet state residing upon a chlorophyll 

species with its red absorption band maximum at 680.5nm. The question regarding 

whether other chlorophylls, in addition to P680, may also have their absorption 

maximum near 680nm depends upon the number of chlorophylls per reaction centre, 

which is the subject of some contention [Dekker et al. 1989, Kobayashi et al. 1990, 

Gounaris et al. 1990, see also section 4.6]. It now appears likely that there are six 

chlorophyll molecules per reaction centre; with so many chlorophyll molecules it is 

possible that one of the accessory chlorophyll molecules could have an absorption 

maximum at 680nm and still allow the PS II reaction centre spectrum to peak at 676nm. 

Therefore, the observed absorption bleach maximum at 680.5nm is not, by itself, clear 

evidence for the triplet residing upon P680. Instead, the assignment of the observed 

chlorophyll triplet state to the P680 triplet state is based upon the following discussion, 

which suggests that this triplet probably resides upon a chlorophyll species exhibiting 

significant excitonic coupling in its singlet state. 

The spectra shown in figures 4.4 and 4.5, whilst not conclusive, are at least 

consistent with P680 being a special pair of chlorophyll molecules whose singlet states 

exhibit significant excitonic coupling. Firstly, a triplet-minus-singlet absorption 

difference spectrum similar to that shown in figure 4.4 has been observed by den 

Blanken et al. [1983] in PS II core particles at 1.2K. They attiibuted their spectrum to 

the formation of the P680 tiiplet state, and suggested that the shape of this spectium 
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between 630nm and 670nm was evidence for P680 being a pair of excitonically 

coupled chlorophyll molecules with the triplet state localised upon one of these 

molecules (as discussed in section 4.1.2). The spectrum shown in figure 4.4 has a 

similar shape over this spectral range, although the features observed are broader and 

less well resolved, due to the higher temperature used. Figure 4.4 is significantly 

different from the room temperature difference spectrum of the triplet state of 

monomeric chlorophyll-a, observed in a variety of solvents in vitro [Cheddar et al. 

1980]. 

Secondly, it should be noted that the spectrum shown in figure 4.5 around 680nm 

is narrow, with a bandwidth of only 12nm. Whilst it is true that the width of an 

absorption line is a complicated function of a manifold of vibrational states as well as 

the effect of any exciton coupling, this 12nm bandwidth is significantly narrower than 

that observed for the Qy-absorption band of chlorophyll-a monomers in organic 

solvents (for example, the bandwidth is 17nm in ether). It has not been demonstrated 

that a protein environment can cause this degree of narrowing for monomeric 

chlorophyll species at room temperature, whilst it is known that exciton coupling can 

narrow absorption bands [Hemenger 1977, Pearlstein 1982]. Indeed it is unlikely that a 

protein, composed as it is of many polar groups, would interact less, and therefore give 

less broadening, than solvents such as ether. It is therefore possible that this narrow 

bandwidth is caused by the process of exciton narrowing [Hemenger 1977], in 

agreement with the suggestion that P680 is a special pair of chlorophyll molecules 

which show some degree of singlet state exciton coupling. This does not rule out the 

possible contribution of other chromophores to the band shape, as the transitions of the 

other chromophores are likely to mix in to some extent via additional exciton coupling. 

The presence of exciton coupling between the chromophores in this PS II reaction 

centre is also indicated by the circular dichroism spectrum of the reaction centre [He et 

al. 1991, Newell etal. 1988]. 

The extinction coefficient at the peak of the longest wavelength absorption band of 

P680 can be calculated as 133,(X)0M-lcm-l, by normalising the optical density change 

at 680.5nm (figure 4.5) against the extinction coefficients at 820nm and 520nm for the 

P680 triplet (see above). From this, the oscillator strength of this red absorption band 

can be estimated to be 1.1 times that of a chlorophyll-a monomer in ether. Values used 

for the chlorophyll-a Qy-absorption band in this calculation were an absorption 

bandwidth of 17nm and peak extinction coefficient of 86,0(X)M"lcm'^ [Strain et al. 

1963]. That this band should show an oscillator strength similar to that of a chlorophyll 

monomer may simply be because P680 is a monomeric chlorophyll species, although 

this is unlikely as discussed above. If P680 is a special pair of chlorophyll molecules, it 

is possible that the rest of the oscillator strength of the special pair lies in some other 
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band to the blue of 680nm, and that the bleach of this band may not be apparent 

because the triplet state of P680 is highly localised. The location of this band has been 

the subject of two recent studies and will be discussed in section 4.4.3. The bleaching 

of the shorter wavelength band might not be apparent due to the increase of monomeric 

chlorophyll absorption as the original exciton interaction is broken by triplet formation. 

The localisation of the P680 triplet state upon one molecule of a special pair is 

consistent with EPR studies of PS n particles, as reviewed by Rutherford [1986] and 

discussed in section 4.1.2. Alternatively, effects such as hypochromism could 

genuinely be producing a reduced oscillator strength for the total special pair Q-band 

transition. 

4.4.2.3 Estimation of the natural radiative lifetime of the singlet excited state of 

P680. 

The natural radiative lifetime of an excited singlet state is inversely proportional to 

the area under the curve (and therefore the oscillator strength) for the corresponding 

absorption band. The proportionality factor is given by the Strickier-Berg equation 

[Strickier & Berg 1962]. Using this equation the natural radiative lifetime of 

chlorophyll-a in ether can be calculated to be 19ns. The natural radiative lifetime of the 

singlet excited state of P680 can now be estimated, using this value of 19ns and the 

ratio of the oscillator strengths determined above. If it is assumed that the P680 triplet is 

either delocalised over both molecules of the special pair or that P680 is a monomeric 

chlorophyll species, the natural radiative lifetime of P680 is ~17ns. If however, as is 

probably more consistent with the data discussed above, the P680 triplet state is 

localised upon one molecule of a special pair, there is probably additional oscillator 

strength in an excitonic band just to the blue of 680nm whose bleaching will not be 

apparent in figures 4.4 and 4.5 (as discussed above), and the natural radiative lifetime 

may be up to a factor of two shorter. 

4.4.2.4 Comparison with the special pair triplet state observed in reaction centres 

of purple bacteria. 

The 1ms lifetime of the P680 triplet state observed under anaerobic conditions is 

much longer than the lifetime of the primary donor triplet state (3p) observed in 

carotenoidless reaction centres isolated from purple bacteria. This lifetime is, for 

example, only 50jis for Rhodopseudomonas sphaeroides R-26 [Chidsey et al. 1985]. 

More importantly, whereas the P680 triplet lifetime is similar to the lifetime observed 
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for the chlorophyll-a triplet observed in vitro in the absence of any rapid quenching 

mechanisms (given as, for example, 1.5ms in toluene [Chibisov 1969] and 0.7ms in 

both cyclohexanol and sodium dodecyl sulphate micelles [Mathis & Setif 1981]), the 

50jis lifetime of 3p in purple bacteria is significantly shorter than the 300-500|is 

lifetime of the bacteriochlorophylJ-a triplet state in vitro [Bensasson et al. 1983]. This 

difference indicates that the P680 triplet state probably does not decay by thermal re-

population of the radical pair state, which is a prominent decay mechanism observed in 

bacterial reaction centres [Chidsey et al. 1985]. 

It is also interesting that the room temperature bandwidth of the red absorption band 

of the bacteriochlorophyll special pair in purple bacteria (for example P870 in 

Rhodopseudomonas sphaeroides) is significantly broader (approximately 30nm) than 

the bandwidth observed here for P680 triplet-minus-singlet spectrum (12nm). The 

broad bandwidth of the P870 band has been attributed to a combination of strong 

electron-phonon coupling and site inhomogeneous broadening (see appendix 1 and 

references therein). The effect of excitonic coupling between the molecules of the 

bacterial special pair upon this absorption band is not clear (see Parsons 1982 for a 

general discussion and also appendix 1). The relatively narrow bandwidth observed 

here for PS II would suggest that these broadening mechanisms are rather weaker in the 

special pair of PS II than in purple bacteria, allowing observation of the exciton 

narrowing discussed above. In contrast, a recent comparison of hole burning spectra 

observed in reaction centres of Rps. viridis and PS II indicated a similar degree of 

electron phonon coupling and site inhomogeneous broadening for both reaction centres 

[see section 6.3.4, 7.1 and Johnson et al. 1990]. The origin of this apparent 

disagreement is yet to be resolved. 

Previous EPR studies of a spin polarized chlorophyll triplet state, induced by 

continuous illumination of PS II cores at liquid helium temperatures, have been 

reviewed by Rutherford [1986] (see section 4.1.2). These studies indicated that this 

triplet state resided upon a single chlorophyll molecule whose plane was orientated 

parallel to the membrane plane. It was not clear whether this single chlorophyll 

molecule was an accessory chlorophyll molecule or a constituent of P680 itself. The 

results in this thesis indicate that, when flashes of light are used and the sample is at 

4°C, then the PS II reaction centre triplet state resides upon the chlorophyll special 

pair, P680. The ADMR study of the chlorophyll triplet observed in PS II core particles 

at 1.2K [den Blanken et al. 1983] indicates that the tiiplet remains on P680 at liquid 

helium temperatures. This conclusion was also reached in a recent transient absorption 

study of PS II reaction centres at lOK [van Kan et al. 1991], see section 4.4.4. If the 

triplet state does indeed remain on P680 under the conditions used for the EPR 

measurements, this would indicate that the special pair of PS II is orientated parallel to 
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the membrane and not perpendicular as expected for a special pair similar to that in the 

reaction centre of purple bacteria [Michel & Deisenhoffer 1988]. 

This apparent controversy may have been resolved by recent, more accurate 

orientation studies using EPR spectroscopy [Rutherford, personal communication]. 

These indicate that the triplet states observed in PS n and bacterial reaction centres are 

orientated rather more similarly than previously thought [Rutherford 1986]. This 

provides further evidence that the chlorophyll triplet state observed in PS II reaction 

centres does indeed reside upon P680. 

4.4.3 COMPARISON WITH SUBSEQUENT STUDIES OF PHOTOSYSTEM 

TWO REACTION CENTRES. 

Van Kan et al. [1991] have recently used transient absorption spectroscopy to study 

PS n reaction centres at lOK. They determined the difference spectrum between 640nm 

and 700nm of a chlorophyll triplet state assigned to the 3P680 state. This 3P680 state 

was formed with a high yield after a saturating 25ps laser pulse and was observed to 

have a lifetime of 1.7ms and a Q-band absorption bleach maximum at 680.5nm. From 

the absorption difference spectrum of this 3P680 state it was concluded that P680 

consisted of 'two chlorophyll molecules, which show excitonic interaction.' Gaussian 

analysis of the PS n reaction centre steady state absorption spectrum, along with the 

difference spectra attributed to formation of 3p680 and P680"'"Ph", led them to the 

conclusion that P680 has a strong absorption band at 679.6nm and a shoulder at 

approximately 683.6nm. Van Kan et al. suggested that 'both absorption bands were 

bleached in the states Î SO"*" or 3p680 and replaced by the single band at 678nm, 

attributed to one of the two chlorophyll molecules (of P680), while the oxidised or 

triplet state is localised upon the other, contributing little absorption in the Qy region'. 

The results and conclusions of van Kan et al. are similar to those described in 

sections 4.4.1 and 4.4.2. An important advance of the work of van Kan et al. over the 

work described in this thesis is the use of Gaussian deconvolution techniques to 

determine the position of the second Qy absorption band of P680. This was facilitated 

by the low temperature used and the additional observation of the difference spectrum 

for P680'^Ph". However it should be noted that, given the complexity of the PS II Q y 

absorption band, it will be very difficult to obtain the unique solution to Gaussian 

deconvolution of this band. Braun et al. [1991] have recently conducted a study of the 

absorption, circular dichroism and fluorescence spectra of PS II reaction centres after 

incubation with different concentrations of Triton X-1(X). They also used Gaussian 

deconvolution to determine the position of a second Qy absorption band of P680, and 
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concluded, in contrast to the conclusion of van Kan et al., that this was located at 

669nm. The conclusions of van Kan et al. and Braun et al. will be further discussed in 

chapter 7. 

4.5 THE CAROTENOID TRIPLET STATE 

4.5.1 INTRODUCTION. 

Carotenoid Junction in vivo. 

Carotenoids have two principle functions in photosynthesis; they function as light 

harvesting molecules and provide protection against photodamage. This dual role has 

been reviewed for carotenoids in photosynthetic bacteria by Cogdell & Frank [1987]. 

Carotenoids' light harvesting function is confined to carotenoids bound to antenna 

proteins, and will therefore not be further discussed here. 

There are two mechanisms for the photoprotective function of carotenoids [Cogdell 

& Frank 1987, see also Bensasson et al. 1983]. Both aim at preventing photodamage 

caused by singlet oxygen (^02), which can be generated by oxygen quenching of 

chlorophyll triplet states (see equations 3.1). Firstly carotenoids can be scavengers of 

singlet oxygen: 

IO2* + ICar ^ 3car* + ^02 4.2 

^Car* -+ ICar + heat. 

3o2 is the stable ground state of oxygen molecules. This mechanism is not thought to 

be important in vivo [Cogdell & Frank 1987]. 

Secondly, carotenoids can quench chlorophyll triplet states directly before they can 

react with molecular oxygen, thereby preventing singlet oxygen production: 

3chl* + ICar ^ ^Chl + ^Car* 4.3 

3Car* ^Car + heat. 

^Car* decays via a non-radiative decay process with a lifetime of the order of IOJLIS. 

The ability of carotenoids to quench chlorophyll triplet states is thought to depend 

critically on the energies of the states involved, these are illustrated in figure 4.7. The 

energy of carotenoid and chlorophyll triplet states (the shaded areas on figure 4.7) 

varies between different carotenoids and chlorophylls, and is also dependent upon their 

124 



irff,Y,TiTr,TmT,,v 
FIGURE 4.7 

2 -

I § 
w 1 -

0-

^Cai* 

^Ch]* 

'Chi 

'Car 

L ̂  ̂  ̂  J 

O. 

Car Chi O, 

FIGURE 4.7: 

A schematic representation of the singlet and triplet energies of chlorophylls, 

carotenoids and oxygen (from Cog dell & Frank 1987). The shaded boxes indicate that 

the range of energies of the triplet states of carotenoids and chlorophylls. The energies 

of these two states are an important factor in controlling the quenching of a chlorophyll 

triplet states by a carotenoids, and also in determining the yield of singlet oxygen 

generated by oxygen quenching. 
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environment. 

Carotenoid activity in bacterial reaction centres (BRC). 

Wild-type BRC's specifically bind one carotenoid whose identity varies between 

species, although carotenoidless mutants have been used in many spectroscopic studies 

of BRC's (notably Rb. sphaeroides R26 or R26.1). Carotenoids can be readily 

reconstituted into carotenoidless mutants, fuUy restoring carotenoid activity. Carotenoid 

quenching of the special pair triplet state varies considerably between species, this has 

been attributed to differences in the energies of the states involved (see figure 4.7) [Lous 

& Hoff 1989]. Rise times for ^Car* of (10-30)ns have been observed in both the 

reaction centres and antenna of purple bacteria [see Cogdell & Frank 1987 and 

references therein]. The carotenoid has been located by X-ray crystallography to be 

bound near to B C W m [Yeates et al. 1988]. It has been suggested that triplet energy 

transfer between the special pair and the carotenoid occurs via the BChl^ [Frank & 

Violette 1989]. There appears to be some correlation between species in which the 

energy of the special pair triplet state is high enough to generate singlet oxygen [Takiff 

& Boxer 1988] and high carotenoid activity. 

Observations of carotenoid activity in the reaction centre ofPhotosystem Two. 

The isolated reaction centre of PS II is thought to bind two p-carotene molecules 

[Gounaris et al. 1990]. Prior to this thesis, little work had been carried out on the 

function of these carotenoids. 

A carotenoid triplet has been observed in the PS II reaction centre preparation by 

Takahashi et al. [1987]. This triplet state was characterised at 50K by an absorption 

maximum at 545nm. At 276K, it had a t%/2 rise time of 12ns and decay time of 5|is, 

with a quantum yield of 3%. The 12ns rise time appeared to be faster than the 32ns 

lifetime of the primary radical pair state, however Takahashi et al. indicated that further 

study with an improved signal to noise was necessary to establish this point. 

A low yield of a carotenoid triplet state has also been observed in PS II core 

preparations [Takahashi et al. 1987, Schlodder & Brettel 1988]. Schlodder & Brettel 

observed a rise time of 23ns for this ^Car* state, but attributed it to quenching of 

chlorq)hyU triplet states in the antenna rather than in the reaction centre. 

4.5.2 RESULTS. 

Experimental conditions used in this section are as described in section 4.2. 

The observed transient absorption decay in the isolated PS II reaction centre 
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particles is clearly biexponential between 500nm and 550nm. This is most obvious 

under anaerobic conditions, where the 1ms P680 triplet decay is preceded by a 

microsecond component (figure 4.8a). The absorption difference spectrum of this 

microsecond component is shown in figure 4.8c. It has a peak at (526±4)nm and is 

characteristic of the spectrum for the carotenoid triplet state. This carotenoid triplet state 

has a lifetime of (ll±2)|is under anaerobic conditions, the quoted error margins 

reflecting an apparent variation in lifetime between preparations. The lifetime shortens 

to approximately 4ps under aerobic conditions (data not shown). The quantum yield of 

this state is estimated to be (2.5i0.5)%, calculated as described in section 4.2 and 

using an extinction coefficiait of 100,(X)0M'lcm'l at the peak of the carotenoid triplet-

minus-singlet absorption change near 530nm [Bensasson et al. 1983]. The yield of this 

state is not significantly reduced by photodamage induced by UV laser illumination 

under aerobic conditions. 

Several months after these observations, improvements to the the design of the 

preamplifier significantly reduced the high frequency noise level of the experimental 

apparatus. This revealed that the 1ms AOD transient observed at, for example, 680nm 

was not monoexponential but biexponential, with a small microsecond component 

preceding the 1ms decay. This microsecond component is shown in figure 4.9, and its 

absorption difference spectrum given in figure 4.10. The lifetime of this component is 

12±6|is (under anaerobic conditions), the same, within error, as the lifetime of the 

carotenoid triplet observed at 530nm. The full spectrum of this 12jis component 

appears to be the sum of the absorption difference spectra of a carotenoid triplet state 

(figure 4.8c) and the P680 triplet state (figure 4.4). Each state has a quantum yield of 

approximately 2%. The improved signal to noise also allowed observation that the 

carotenoid triplet decay observed at 530nm fits a monoexponential, as shown in figure 

4.9d. 

4.5.3 DISCUSSION. 

The detection of a low yield of carotenoid triplet in the PS n reaction centre 

preparation is similar to that previously observed by Takahashi et al., 1987. Our 

transient absorption peak at 526nm (figure 4.8c), however, is at a shorter wavelength 

than the 545nm peak reported by Takahashi et al. [1987] at 50K, but similar to that 

previously observed for PS II core complexes at room temperature [Schlodder et al. 

1988]. As the yield of intersystem crossing from the carotenoid singlet excited state to 

the triplet state is less than lO'^ [Bensasson et al. 1983], the carotenoid triplet state 

observed in this PS II reaction centre preparation must be formed by energy transfer 

from another chromophore's triplet state. It has been suggested [Takahashi et al. 1987] 
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FIGURE 4.8: 

Flash induced absorption changes observed in PS II reaction centres at a) STOnm 

and b) 520nm. The absorption changes observed at both wavelengths, which do not 

decay on this time scale, are attributed to the P680 triplet state, with a 1ms lifetime. The 

10|is kinetic component observed only at 520nm is attributed to the decay of a 

carotenoid triplet state. The transient absorption difference spectrum of this 10|is kinetic 

component is shown in figure 4.8c. Reaction centres suspended in buffer A under 

anaerobic conditions. Averages of approximately 100 flashes. 
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FIGURE 4.9: 

The flash induced absorption changes observed at 680nm (a and b) and 520nm (c 

and d), observed using the improved preamplifier. Plotted on a log/linear scale, with 

the straight lines corresponding to monoexponential best fits determined by least 

squares analysis. 4.9b and 4.9d (+ symbols) are plots of the difference between the 

actual decays (o symbols) and the monoexponential best fits determined for times times 

greater than 50|is and then extrapolated back to zero time (solid lines). Lifetimes of the 

microsecond decay component are l l | is (680nm) and 13|is (520nm). Reaction centres 

suspended in buffer B under anaerobic conditions. 
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FIGURE 4.10: 

Comparison of the transient absorption difference spectra of the ~12|is decay 

component observed in figure 4.9 (+ symbols) and the 1ms decay component observed 

in figure 4.3 (o symbols). Spectra determined by extrapolation back to zero time, the 

1ms spectra is scaled down by a factor of 17 in order to normalise the absorption 

changes observed at 680nm. Reaction centres were suspended in buffer B under 

anaerobic conditions, and the detection bandwidth was 4nm. 
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that this carotenoid triplet could be formed by fast energy transfer from the P680 triplet 

state in a sub-population of reaction centres in which this mechanism is active. A low 

yield of a chlorophyll triplet state (figures 4.9 & 4.10) is observed with approximately 

the same lifetime as the carotenoid triplet state. This chlorophyll triplet state is almost 

certainly residing upon P680, given that the Qy-absorption band bleached by this triplet 

with its 12}is lifetime has the same bandwidth and peak position as that bleached by 

formation of 1ms P680 triplet state observed in figures 4.4 and 4.5. Therefore this is 

strong evidence for a sub-population of reaction centres in which energy transfer 

between the carotenoid and P680 triplet states is possible. 

The carotenoid triplet decay appears to be monoexponential (figure 4.9d). This 

suggests that these carotenoid and P680 triplet states decay whilst in relatively fast 

equilibrium with each other. The equilibrium constant between the two triplet states in 

this sub-population of reaction centres is approximately one (as the observed quantum 

yields of each state are similar). The observed quantum yields indicate that this sub-

population constitutes approximately 10% of the reaction centres in the preparation. 

An equilibrium between carotenoid and special pair triplet states has previously 

been observed in the reaction centres from purple bacteria [see Lous and Hoff 1989 and 

references therein]. A room temperature equilibrium constant of approximately one is 

not untypical for bacterial reaction centres, the constant varying significantiy between 

species. This equilibrium constant has been observed to be govemed^by a reaction 

enthalpy, the carotenoid triplet lying approximately 50meV below the special pair 

triplet, and an activation enthalpy between the two states. It is unclear whether this 

activation enthalpy arises from the energy fransfer being via the triplet state of an 

accessory bacteriochlorophyll molecule. A study of the temperature dependence of the 

equilibrium constant observed in the PS II reaction cenfre would indicate whether this 

energy transfer equilibrium fits the same sort of model as that observed in bacteria. This 

equilibrium is only observed in 10% sub-population of the PS II reaction centres. 

Results discussed in section 4.6 suggest that this sub-population may not be a 

heterogeneity generated by the biochemical isolation or resuspension conditions, but 

may possibly result from some heterogeneity of PS II in vivo. 

An interesting anomaly of the P680 triplet-minus-singlet absorption difference 

spectrum shown in figure 4.4 is the peak in the spectrum observed at 520nm. This 

specfrum is that of a monoexponential AOD transient with a 1ms lifetime (see figure 

4.4), the AOD being determined by extrapolation back to t=0. The peak of this 

difference spectrum at 530nm coincides with the the peak in the triplet-minus-singlet 

spectrum of the carotenoid triplet state (figure 4.8c). Such a peak is not observed for 

chlorophyll triplet states in vitro . At first sight this peak suggests that the 1ms P680 
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triplet state is also in equilibrium with a carotenoid triplet state, with the equilibrium 

strongly favoring the P680 triplet state. However this peak appears to be too large for 

this simple explanation. The carotenoid triplet state in vitro has a lifetime of l-10|is. 

Even if it is assumed that the only decay mechanism of this supposed 1ms 

carotenoid/P680 triplet equilibrium is via a 15|is carotenoid triplet decay, the 

equilibrium constant would be 65 (1000/15) in favour of P680. A shorter carotenoid 

triplet lifetime and significant decay directly from the P680 triplet state, both highly 

likely, will significantly increase this equilibrium constant. However, using the 

extinction coefficients given in section 4.2, a comparison of the observed AOD's for the 

peak at 530nm (assuming the P680 triplet spectrum is smoothly varying over this 

region) and 820nm indicates an equilibrium constant of 30. The only possible 

explanation for the difference between the two estimates of the equilibrium constant (65 

and 30) is that the extinction coefficients used are in error by at least a factor of two. 

This seems unlikely and it therefore appears that this peak cannot originate from a 

simple P680/carotenoid triplet equilibrium with a 1ms lifetime. The origin of this 

520nm peak therefore remains unclear. 

The inability of the carotenoids to quench the P680 triplet state in the majority of 

reaction cenfres is surprising given that this preparation is thought to have 

approximately two carotenoids per reaction centre. This inactivity may be a 

consequence of the isolation procedure for these PS II reaction centres (see section 

4.6). A similar situation has been observed in the reaction centre of the purple bacteria 

Rps viridis , this reaction centre contains carotenoid but no energy transfer between the 

special pair triplet and this carotenoid is observed [Holten, 1978]. It is clear from the 

susceptibility of the PS II reaction centre to photodamage under aerobic conditions 

(figure 3.1) that the protection from photodamage attributed to carotenoids in other 

photosynthetic systems does not function in this PS n reaction centre preparation. 

It should be noted that the quenching of the P680 triplet state by carotenoid 

observed here in a minority of the reaction centre population will not provide complete 

protection for even these reaction cenfres from photodamage via the singlet oxygen 

mechanism (equation 3.1). The yield of singlet oxygen formation in these reaction 

cenfres will only be reduced approximately six fold compared to reaction cenfres in 

which the carotenoids were inactive. Therefore, even if carotenoids functioned via a 

similar photoprotective mechanism in all reaction cenfres in vivo , the singlet oxygen 

damage mechanism might still have a sufficiently high yield to be a significant 

mechanism for photoinhibition in vivo . 

4.6 THE EFFECT OF CHANGES IN REACTION CENTRE 
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ISOLATION AND RESUSPENSION CONDITIONS. 

4.6.1 INTRODUCTION. 

It is clearly a matter of great concern that the photochemical properties of isolated 

PS n reaction centres observed in vitro may differ from those of reaction centres in 

vivo . Both the isolation of the PS 11 reaction centre complex, and its subsequent 

resuspension under conditions suitable for optical experiments, may have changed 

aspects of its function. One approach to tackling this problem is to observe the same 

photochemical properties in reaction centres isolated by different procedures or 

suspended under different conditions. 

This problem became particularly topical in 1989 due to the pubhcation of a number 

of papers questioning the stoichiometiy of the chromophores in the PS II reaction 

centre preparation. In particular, Dekker et al. [1989] estimated that reaction centres 

(RC-2) isolated by a new experimental procedure bound 10-12 chlorophyll molecules 

each. Previously reaction centres (RC-1) isolated as described in section 3.1, and used 

in experiments described above, had been estimated to bind 4-5 chlorophyll molecules 

each. This controversy has since been addressed in a paper published by Gounaris et 

al. [1990], where reaction centres prepared by both experimental procedures were 

compared. Both preparations were found to bind 6 chlorophyll-a, 2 fi -carotene and 

approximately one cytochrome b-559 per reaction centre (assuming a stoichiometry of 2 

pheophytin per reaction centre). 

In addition time-resolved fluorescence measurements were carried out on both 

preparations [Gounaris et al. 1990]. It was found that the fluorescence decays were 

similar both qualitatively and quantitatively. The free energy gap between the long-lived 

radical pair state and the singlet excited state of P680 was calculated from these decays 

and found to be the same in both preparations. Both preparations were also determined 

to have only approximately 5% of the total chlorophyll content uncoupled from electron 

transfer. It was, however, observed that both reaction centre preparations were more 

stable to illumination under anaerobic conditions when resuspended in the buffer 

solution used by Dekker et al. (buffer B), compared to a suspension of RC-1 diluted in 

usual buffer solution. 

Below are described the measurements of the lifetime and yield of the P680 and 

carotenoid triplet states observed in both preparations. As a control, RC-1 is observed 

resuspended in both its usual buffer solution (buffer A, used in the experiments 

described in sections 4.3 and 4.4 above) and the buffer solution used by Dekker et al. 

(buffer B). Experimental details are as described in section 4.2. 
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4.6.2 RESULTS. 

Measurements were carried out upon three different reaction centre suspensions: 

RC-1 in buffer A, RC-1 in buffer B and RC-2 in buffer B. All experiments were 

carried out under anaerobic conditions. The concentration of the samples was adjusted 

to give identical optical densities at 337nm, the excitation wavelength. The 1ms 

transient attributed to the P680 triplet state was observed at 530nm, 740nm and 820nm; 

the 10|is transient attributed to the carotenoid triplet was observed at only 530nm. 

Figure 4.11 shows typical absorption difference transients observed at 740nm in the 

three different preparations. The results are summarised in table 4.1. These show that 

whilst the P680 triplet lifetime, and the carotenoid triplet yield and lifetime are invariant 

between the three preparations, the yield of the 1ms P680 triplet state is significantly 

less in RC-2 compared to RC-1, and also appears to be less in buffer B compared to 

buffer A. 

The results shown in table 4.1 are the average of three separate experiments and, 

for the P680 triplet, also the average of the three measurement wavelengths. The errors 

quoted are the spread of the individual measurements around the mean. There was no 

resolvable change in the relative sizes of the 1ms transients observed at the three 

different wavelengths; this indicates that, at least at the wavelengths observed, the 

spectrum of the P680 triplet state is unchanged between preparations. 

4.6.3 DISCUSSION. 

The results given in table 4.1 suggests that the yield and lifetime of the carotenoid 

triplet state are independent of the isolation and resuspension conditions of the PS II 

reaction centre, although the range of isolation and resuspension conditions used is 

clearly very limited. This conclusion is supported by noting that Takahashi et al. [1987] 

observed a similar yield and lifetime of a carotenoid triplet state in PS II reaction centres 

isolated and resuspended using conditions rather different to those used in this thesis. 

This conclusion is somewhat surprising given the conclusion of section 4.5 that the 

carotenoid triplet is formed in a sub-population of reaction centres in which energy 

transfer from the P680 triplet to the carotenoid is possible. Initially it had been 

supposed that this heterogeneity was created during the isolation or resuspension 

procedure. This now appears unlikely, and it is possible that this heterogeneity 

originates from some heterogeneity in the reaction centre population in vivo. The 

physiological significance of this sub-population is unknown. 

The lower P680 triplet yield observed in RC-2 relative to RC-1 is also unexpected, 

considering the similarities in the radical pair kinetics and thermodynamics observed by 
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a 

b 
740 nm 

A O . D . = 2 x 1 0 " ^ 

1 ms 

F I G U R E 4 .11: 

The flash induced absorption changes observed at 740nm under anaerobic 

conditions at in the PS II reaction centres using: a) RC-1 in buffer A, b) RC-1 in 

buffer B and c) RC-2 in buffer B. 
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a) 
RC-1 m 
BUFFER A 

b) 
RC-1 IN 
BUFFER B 

c) 
RC-2 IN 
BUFFER B 

P680 TRIPLET YIELD | 100 
(ARBITRARY UNITS) | 

1 
P680 TRIPLET LIFETIME | 945±30 
(MICROSECONDS) | 

I 
CAROTENOID TRIPLET | 100 
YIELD (ARBITRARY UNITS) 

86+4 

935±30 

108±8 

69±4 

970±30 

102±8 

CAROTENOID TRIPLET | 11±1 
UFEIIME I 
(MICROSECONDS) | 

11±1 10±1 

TABLE 4.1: 

A table of the yields and exponential lifetimes of the carotenoid and P680 triplet 

states observed in PS II reaction centres at 4^0 using: a) RC-1 in buffer A, b) RC-1 in 

buffer B and c) RC-2 in buffer B. The results are the average of three experiments, see 

text for details. 
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the time resolved fluorescence measurements. However, there is a small but resolvable 

change in the fluorescence lifetime of the radical pair state, reducing from (36.5±2.5)ns 

for RC-1 in buffer A to (31.5±2.0)ns for RC-2 in buffer B [Gounaris et al. 1990]. This 

change may reflect a change in the equilibrium between the singlet and triplet radical 

pair states, which could result in the observed change in the P680 triplet yield. 

However, in the absence of further data, this conclusion is highly speculative. 

4.7 T H E USE OF T H E TRANSIENT A B S O R P T I O N 

SPECTROMETER AS AN ASSAY OF THE STATE OF THE SAMPLE. 

The principal assay for the condition of the PS n reaction centre samples used 

during the course of this Ph.D programme has been time-resolved fluorescence. A 

major reason for this has been that the single photon counting (SPC) apparatus has not 

required major development in order to study the PS II reaction centres. Useful results 

were obtained with this apparatus [Crystall et al. 1989] before the microsecond 

transient absorption spectrometer had been built or the major modifications to the PTA 

spectrometer carried out. In addition, fluorescence measurements are particularly 

sensitive to sample damage or degradation as uncoupled chlorophyll, the most common 

product of damage, is strongly fluorescent with a characteristic fluorescence lifetime. 

However, the SPC apparatus is a complex and time consuming system. Potentially, 

the observation of absorption transients attributable to the formation of the P680 triplet 

is much simpler and quicker assay of the state of the sample under study. The P680 

triplet is a relatively direct product of the primary photochemistry of the PS II reaction 

centre, namely charge separation to the radical pair state and subsequent charge 

recombination, and its observation does not involve the use of artificial electron 

acceptors or donors. Indeed, one of the initial aims when developing the MTA 

spectrometer was to develop a simple and quick assay of the state of reaction centre 

preparations. 

Unfortunately, observation of the P680 triplet has been found not to be a reliable 

assay of the PS II reaction centres. For example, there is a correlation between the 

shifting of the Qy-absorption band peak to shorter wavelengths and a loss of P680 

triplet yield caused by prolonged exposure of a reaction centre preparation to 

illumination by the nitrogen laser under aerobic conditions (see figure 4.6). However, a 

similar blue shift caused by rather longer illumination under anaerobic conditions 

caused a negligible change in triplet yield. 

The discrepancy is caused by the presence of two possible mechanisms for 
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chlorophyll triplet formation in the reaction centre preparation. These are charge 

recombination from the triplet radical pair state and direct intersystem crossing from a 

chlorophyll singlet state (as discussed in section 4.4.2.1). Unlike EPR measurements, 

it is not possible to differentiate between these two mechanisms by observation of the 

transient absorption kinetics or spectra. When the ability of the reaction centre to 

undergo photoinduced charge separation is impeded, the yield of chlorophyll triplet by 

the former mechanism is reduced. However, there will in general be a simultaneous 

increase in the yield of the direct intersystem crossing mechanism: the loss of ability to 

undergo charge separation will result in a higher yield of relatively long lived 

chlorophyll singlet states, which can then under go intersystem crossing to the triplet 

state with a yield of up to 60%. This possibility is confirmed by the observation of an 

absolute increase in the yield of the 6ns fluorescence component attributed to 

chlorophyll singlet states uncoupled from charge separation during photodamage of the 

isolated reaction centres. Whether there is an overall decrease during photodamage in 

the observed absorption transient attributed to the P680 triplet will depend on 

competition between these two processes, and is sensitive to the conditions under 

which photodamage occurs. 

A much better assay of the sample state is the direct observation of the yield and 

lifetime of the radical pair state, utilizing the laser diode apparatus described in section 

2.3 to observe the absorption changes with a nanosecond time resolution. The lifetime 

and relative yield of the absorption change should be a good assay of sample quality, 

typical data is shown in figure 4.2. In order to compare relative yields, it will be 

necessary to obtain a suitable standard which can be used as a reference in order to 

compare results from different days. 

In contrast to the PS II reaction centre, the microsecond transient absorption 

measurements have proved very useful as an assay of the state of PS II core particles. 

In healthy core particles, the secondary electron acceptor, Q^, is present and the triplet 

yield negligible. In damaged core particles, there is a high chlorophyll triplet yield. 

Depending upon the functioning of Z, the secondary electron donor, a long lived P680 

cation state may be observed. This cation state can readily be differentiated from 

chlorophyll triplet species by the ratio of the observed absorption changes at 740nm and 

820nm. For chlorophyll triplets R = AOD(740nm) / AOD(820nm) = 2.5 (see figure 

4.3), whilst for chlorophyll cations R < 1.0 [see section 5.3]. Hence it is possible to 

compare different preparations under, for example, different detergent conditions, and 

conclude that the preparation with the minimum triplet yield is the most intact. 
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4.8 SUMMARY. 

This chapter has described a study of the reactions proceeding from the primary 

radical pair state observed after excitation of PS EL reaction centres. The primary radical 

pair recombines on a nanosecond time scale, resulting in a 30% quantum yield of the 

P680 triplet state. In the majority of reaction centres this P680 triplet state decays with a 

monoexponential lifetime of 1ms in the absence of oxygen. The absorption difference 

spectrum of this P680 triplet state supports the suggestion that P680 is a pair of 

excitonically coupled chlorophyll molecules. The peak of the longest wavelength 

absorption band of P680 is estimated to have an extinction coefficient of 133,000M'l 

cm"l. The P680 triplet state is quenched in the presence of oxygen, this quenching 

reaction gen^ates singlet oxygen and results in photodamage of the reaction centre. In a 

minority of reaction centres, the P680 triplet state is quenched by carotenoids. However 

this quenching probably only reduces the yield of singlet oxygen six fold. A 

comparison is made of PS n reaction centres isolated by two different procedures; no 

large difference is observed. 
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CHAPTER FIVE: RECONSTITUTION OF QUINONE INTO 
THE PHOTOSYSTEM TWO REACTION CENTRE. 

5.1 INTRODUCTION. 

An important difference between the isolated PS n reaction centre used in my work 

and the reaction centre isolated from purple bacteria is that it loses the secondary 

electron acceptors Qa and Qg during its isolation. The presence of and Qg in the 

isolated purple bacterial reaction centre, and moreover the ability to exchange the native 

quinones with different quinones has been very useful. In particular the work carried 

out by Gunner, Dutton and co-workers has revealed much about the functioning of 

and Qb and their binding sites [Woodbury et al. 1986, Gunner et al. 1986, Gunner & 

Dutton 1989, Warncke & Dutton 1990]. These workers varied the free energy 

difference between BPh'Q^ and BPhQ^" by exchanging various quinones in and out of 

the Qa binding site. They observed the effect of this exchange upon the rates of 

forward and backward electron transfer to and from Q^, and also determined the 

temperature dependence of these rates. This has allowed a much more sophisticated 

testing of the theoretical electron transfer models than the work investigating the 

temperature dependence alone. They found that the large free energy difference between 

BPh'Q^ and BPhQ^" is necessary primarily to ensure matching between this free 

energy difference and the vibrational reorganistional energy associated with this 

electron transfer. This results in an activationless forward electron transfer with a 

consequently high rate. It is this high rate which ensures a quantum yield of near to 

unity of the charge separated state, the principle competition being the reverse reaction 

from P+BPh Q^. 

Clearly the ability to conduct a similar study upon quinone reconstituted PS II 

reaction cenfres would be very useful. However it was not clear, at the time of the 

study described in this thesis, whether the PS II quinone binding sites are intact in the 

PS II reaction centre. It is possible, for example, that a polypeptide integral to the 

binding sites, similar in role to the H sub-unit in bacterial reaction centre's, has been 

removed from the complex. 

Quinone exchange in the binding site has been achieved in large PS II core 

particles [Diner et al. 1988]. Whilst this will undoubtedly prove useful, the 

complications associated with working with large protein complexes (as discussed in 

section 1.5) limit this usefulness. The study of Diner et al. also suggested that if no 

quinone is bound to the binding site, the site rapidly and irreversibly loses its 
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integrity. 

In 1988 two papers were published from the Imperial College AFRC 

Photosynthesis Group describing attempts to reconstitute the quinones 

decylplastoquinone (DPQ) [Chapman et al. 1988] and plastoquinone-9 (PQ-9) 

[Gounaris et al. 1988] into the PS II reaction centre. In the presence of quinone, they 

observed the steady state light induced reduction of the cytochrome b559. Addition of 

these quinones enabled the reaction centre also to mediate the light induced electron 

transfer from DPC to the electron acceptor DCPIP. Both reactions were partially 

inhibited by the herbicide DCMU, a molecule known to bind competitively to the 

quinone binding sites of PS II in vivo . This indicated that the added quinones may be 

binding to the and/or Qg sites. Both the reactions were sensitive to sample 

conditions such as detergent concentration, pH and temperature. This sensitivity was 

greater when the native quinone PQ-9 was used rather than DPQ. These results were all 

achieved using steady state light-minus-dark absorption measurements. In order to 

further investigate these observations, it was decided to use transient absorption 

spectroscopy. The results presented below have been published in Durrant et al. 

[1990b]. 

5.2 EXPERIMENTAL CONDITIONS. 

Experimental conditions are as described in Section 4.2. Quinones were added as 

concentrated stock solutions in ethanol. Care was taken to minimise the volume of 

ethanol added, as the ethanol was found to accelerate sample degradation. The 

concentration of ethanol was always less than 0.3%. At the time of these experiments, 

monochromator two (shown in figure 2.2) had not been added to the transient 

absorption spectrometer, this limited the system's detection bandwidth to approximately 

20nm. 

Photosystem two reaction centres were isolated as described in section 3.1 (RC-

I's), and resuspended in buffer A, at 40C. 

Quantum yields were determined as described in section 4.2. An extinction 

coefficient, at 820nm, of TOOOM'̂ cm'̂  was used to estimate the yield of the Chl^ state 

[Mathis & Setif 1981]. 

5.3 RESULTS. 

Initial experiments using DPQ were unable to observe significant changes in the 

transient absorption kinetics upon the addition of quinone. However new transients 

were observed upon the addition of the hydrophobic quinone DBMIB, as had been 
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previously observed by Satoh and co-workers [see Satoh et al. 1990]. 

Two changes in the decay kinetics were observed upon the addition of increasing 

concentrations of DBMIB (figure 5.1): i) the lifetime of the P680 triplet, observed 

under anaerobic conditions, became shorter, ii) there was an increasing amount of a 

spectrally distinct, longer lived multi-exponential decay. This long-lived component can 

be clearly seen in the presence of 10 |iM DBMIB under aerobic conditions (figure 

5.2a). At this concentration the decay of this transient is essentially biexponential, 

comprising a fast (|is) triplet decay and a long lived component, tentatively identified as 

a chlorophyll cation radical state, with a 45ms lifetime. The absorption spectrum of this 

supposed Chl"̂  species, extrapolated back to t=Oms, is shown in figure 5.2b and is 

notable for the lack of the clear increase in absorption change at 820nm normally 

observed for chlorophyll cations in solution. Similar spectra were obtained using 

silicomolybdate as an electron acceptor, by both transient (data not shown) and steady 

state [Telfer et al. 1990] measurements. These spectra resemble the spectrum 

previously published by Telfer and Barber [1989], except for wavelengths beyond 

SOOnm. 

With lOfiM DBMIB, where the ratio of DBMIB to reaction centre is 4, the 

quantum yield of this long lived chlorophyll cation radical is (1.0±0.3)%. The quantum 

yield of this state can be increased, to at least 10%, by increasing the concentration of 

DBMIB (see figure 5.1), but this caused the decay of this state to become faster and 

more multi-exponential (lifetimes fi"om |is to 15ms). 

The steady state reduction of the cytochrome b-559 has been shown to result in an 

absorption increase at around 560nm [Chapman at al. 1988]. A flash induced 

millisecond transient, observed at 560nm in the presence of lOpM DBMIB (aerobic 

conditions), is shown in figure 5.3. This transient, not observed at 540nm or 580nm, 

is attributed to the reduction of the cytochrome b-559. At 560nm there is also a 

contribution from the chlorophyll cation radical signal, with approximately the same 

amplitude and decay kinetics as that observed at 540nm. The rise time for the 

cytochrome b-559 reduction is of the order of 15ms. 

5.4 DISCUSSION. 

The lack of significant transient absorption changes upon the addition of DPQ 

indicates that the reactions observed by Chapman et al., 1988 had a low quantum yield 

(less than 1%). 

The observed quenching, by DBMIB, of the long lived triplet state, seen under 

anaerobic conditions (figure 5.1), is probably due to the well documented [Kelly and 

Porter, 1970] reaction: 
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t (ms) 

0 3 

60 pM 

= 2 x 1 0 - 3 

30 pM 

0 pM 

DBMIB 
CONC. 

FIGURE 5.1; 

The flash induced absorption changes observed in the PS II reaction centres at 

680nm under anaerobic conditions in the presence of varying concentrations of the 

quinone DBMIB. Reaction centres suspended in buffer A at 40C. 
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5 . 2 a ) ( a ) 

UU^AM^ 

•10pM DBMIB 

AO.Qq20 

= 5x10-5 

t (ms) 

5 0 0 6 0 0 7 0 0 8 0 0 
w a v e l e n g t h ( n m ) 

FIGURE 5.2: 

5.2a) The flash induced absorption changes observed in the PS n reaction centres at 

820nm under aerobic conditions and in the presence of 10|iM DBMIB. Reaction 

centres suspended in buffer A. 

5.2b) The transient absorption difference spectrum of the long lived component 

shown in figure 5.2a, approximately extrapolated back to zero time. 
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FIGURE 5.3: 

The flash induced absorption changes observed in PS II reaction centres at 540nm, 

560nm and 580nm in the presence of lOjiM DBMIB. Reaction centres suspended in 

buffer A under aerobic conditions. 
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3Chl + Q ^ Chl++ Q- 5.1 

Under aerobic conditions, when the chlorophyll triplet is quenched by oxygen, this 

reaction is likely to be a minor pathway. Therefore the chlorophyll cation state and the 

reduction of the cytochrome b-559 observed here under aerobic conditions (figures 5.2 

& 5.3) are unlikely to be formed by this mechanism. 

It is interesting to note here that, under continuous illumination and anaerobic 

conditions, a relatively fast (less than 1 second) reduction of the cytochrome b-559 is 

observed, followed by a slow (tens of seconds) reduction (A. Telfer, personal 

communication). Under aerobic conditions the slow phase disappears, indicating that 

this slow reduction of the cytochrome b-559 may be via the pathway shown in equation 

5.1. 

The long lived chlorophyll cation state observed here under aerobic conditions is 

presumably formed by: 

P680* ^ P680+ Ph- Chl+Q- 5.2 

The low quantum yield observed for the formation of the long lived chlorophyll 

cation suggests poor binding of the quinone. At high DBMIB concentrations, the Chi"*" 

decay becomes increasingly multiexponential, presumably due to the quinone binding 

to the reaction centre in more than one way, and also possibly due to reduced DBMIB 

acting as an electron donor. A rough estimate of the proportion of photochemically 

active, bound DBMIB, at a concentration 10|iM, is 0.25%. It is possible that DBMIB, 

even when optimally bound into the Qa site, is a poorer electron acceptor than the 

native quinone. In this case, the proportion of bound DBMIB may be rather higher than 

0.25%. 

In conclusion, it is clear that DBMIB can function as an exogenous electron 

acceptor resulting in the stabilisation of a long lived chlorophyll cation state. This has 

allowed further study of this chlorophyll cation state, as discussed below. However its 

interaction with the reaction centre appears to be highly heterogeneous, at least under 

the relatively simple reconstitution conditions used in this study. Specific reconstitution 

of Qa function has not been achieved, and therefore the usefulness of approach in 

studying PS n is limited. The observed reduction of the Cyt b559 is interesting, 

although it is not clear whether this reduction is via the reduction of quinone bound 

specifically to the (or Qg) binding site. Until this can be determined, it is uncertain 

whether this observation has physiological significance. 
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5.5 POSTSCRIPT 

Since completing this study, Mathis, Satoh and Hansson have published two 

papers investigating the interaction of DBMIB with the PS n reaction centre in greater 

detail [Mathis et al. 1989, Satoh et al. 1990]. The first paper essentially made the same 

observations as those described above, attributing the quinone induced chlorophyll 

cation state to P680''" from its Q-band absorption difference peak at 680nm. The decay 

of this state is similarly multi-exponential. However, they in addition noted that the 

microsecond decay kinetics (ti/2 = 5)is) of this 'P680''"' were strongly pH dependent. 

They attributed this fast reduction of P680* to electron donation by the secondary 

electron donor Z in a minority of reaction centres. 

In the second paper, Satoh et al. [1990] observed that the addition of DBMIB 

results in the flash induced rapid (perhaps sub-microsecond) reduction of cyt b559. 

This contrasts with the 15ms lifetime for the reduction of cyt b559 observed in figure 

5.3 above. The difference in lifetimes may be caused by differences in experimental 

conditions; Satoh et al. resuspended their preparation in a solution containing the 

detergent digitonin rather than dodecylmaltoside and in addition added 20% (v/v) 

glycerol. It is also possible that there is a faster, but unresolved, component of the 

reduction of cyt b559 in figure 5.3 in addition to the observed 15ms component. Satoh 

et al. [1990] also observed that the reduced cyt b559 is reoxidised with a ti/2 = 2ms, in 

parallel with a phase of the P680+ reduction. This was interpreted as evidence that 

reduced cyt b559 can reduce P680+, indicating a cyclic role the cytochrome, mediating 

electron transfer from to P680. However their evidence that DBMIB specifically 

reconstitutes function is not conclusive. Indeed their transient absorption data with a 

sub-nanosecond time resolution indicates that the addition of DBMIB reduces by at 

least a factor of three the yield of P680+ observed at one nanosecond. This would not 

be observed if DBMIB simply reconstituted function. Therefore it remains to be 

determined whether their conclusions relating to the function of Z and cyt b559 in PS II 

are dependent upon the heterogeneous nature of the DBMIB interaction with the 

reaction centre, as concluded in section 5.4 above. 

Further study of the secondary electron acceptor function in PS II reaction centres 

clearly requires the isolation and/or reconstitution of a more homogeneous preparation. 

It is possible that this may be achieved by using lipids to assist the reconstitution of the 

native quinone, decylplastoquinone, into the isolated PS II reaction centre [see Vass et 

al. 1989, Chapman et al. 1991]. 

147 



CHAPTER SIX: EXPERIMENTAL OBSERVATIONS OF THE 
PRIMARY CHARGE SEPARATION IN THE REACTION 

CENTRES OF PURPLE BACTERIA. 

6.1. INTRODUCTION. 

In chapter 7, I describe experiments aimed at using transient absorption 

spectroscopy to observe the primary charge separation process in photosystem two 

reaction centres. Unlike the nanosecond to millisecond transient absorption studies of 

the PS II reaction centres discussed in the previous chapters, the study of the primary 

charge separation described in chapter seven moves into relatively new research 

ground. It has therefore been particularly helpful to learn from previous studies of the 

primary charge separation in bacterial reaction centres, and some of these studies are 

reviewed in this chapter. 

The process under consideration is the reaction; 

? ? 

P* -> P± ^ P+BChlL" P'^BPhL" 6.1 

using the abbreviations described in section 1.4.3. P* is the lowest energy singlet 

excited state of the special pair, and P^ is an intradimer charge transfer state within the 

special pair. I discuss below the possible role of states P^ and/or P'^'BChl^' in the 

transfer of an electron from P to BPhL. 

In this chapter, I only review those studies of primary ET process in purple bacteria 

which are most directly relevant to the transient absorption experiments on photosystem 

two described in chapter 7.1 therefore discuss primarily the results of ultrafast transient 

absorption spectroscopy. In addition, I include a short review of the results of hole 

burning spectroscopy, this being the frequency domain counterpart to ultrafast time-

resolved spectroscopy. Hole burning spectroscopy differs from transient absorption 

spectroscopy both conceptually and in terminology, and I have therefore included in 

Appendix 1 an introduction to hole burning spectroscopy. 

6.2 ULTRAFAST TRANSIENT ABSORPTION SPECTROSCOPY. 

6.2.1 INTRODUCTION 

6.2.1.1 1975-1985. 
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In the late 1970's, several groups studied the primary electron transfer (ET) process 

in isolated reaction centres from purple bacteria. They used time-resolved absorption 

spectroscopy with optical pulses of 5ps to 50ps in duration, and generally studied 

reaction centres isolated from Rb. sphaeroides . They generally observed that optical 

excitation of the reaction centres resulted in the formation of the primary radical pair 

state, P^BPh", with a time constant of 5-1 Ops, which was faster than their instrumental 

response function [Rockley et al. 1975, Dutton et al. 1975, see also references in 

Molten et al. 1980, Kirmaier et al. 1985]. 

The primary electron transfer (ET) process was first studied with sub-picosecond 

optical pulses by Molten et al. [1980]. They used 0.7ps pulses at 610nm to excite 

reaction centres of Rb. sphaeroides , and observed transient absorption kinetics which 

they attributed to primary charge separation with a rate of (4ps)"l. A similar, but more 

detailed, study was conducted by Woodbury et al. [1985], which also observed a 

primary ET rate of (4ps)"l (figure 6.1). Woodbury et al. found no evidence for the 

formation of a BChl" state prior to the formation of BPh". 

During this period from 1975-1985, there were a number of apparently conflicting 

results. In particular, Shuvalov and co-workers claimed to observe a P^BChl" 

intermediate state during the primary ET process [see Shuvalov et al. 1978, Shuvalov 

& Klevanik 1983, Shuvalov & Duysens 1986, and references within] This observation 

was disputed by several other groups [Borisov et al. 1983, Woodbury et al. 1985, see 

also Molten et al. 1980, Kirmaier et al. 1985, Breton et al. 1986b]. It now appears that 

this conclusion by Shuvalov et al. was based upon transient absorption changes which 

can be attributed either to artifacts caused by multiple excitations of individual reaction 

centres [Molten et al. 1980], or to inappropriate analysis of the observed spectral data 

[Kirmaier et al. 1985]. Molten et al. [1980] showed that multiple excitation of reaction 

centres could generate artefactual transients with lifetimes of up to 30ps, and also 

indicated difficulties associated with interpreting absorption transients within the 

duration of the optical pulses. 

The results of Molten et al. [1980] suggested that the excitation wavelength was not 

critical in order to observe the basic primary ET process. Molten et al. observed no 

resolvable delay in the bleaching of the special pair Qy-absorption band following 

excitation at 610nm, 600nm (both absorbed predominantly by BChl) or 530nm 

(absorbed predominantly by BPh). A (4ps"l) ET rate was observed after excitation at 

either 610nm [Molten et al. 1980, Woodbury et al. 1985] or at 880nm [Shuvalov et al. 

1986]. However, Woodbury et al. [1985] suggested that although excitation at 610nm 

generates excited states of predominantly bacteriochlorophyll comprising P870, it also 

results in some excitation of the monomeric bacteriochlorophyll; the monomeric 

chlorophyll then transfer the excitation energy to P870 in approximately 1.5ps. 
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FIGURE 6.1: 

The spectra of the absorption changes observed by Woodbury et al. [1985] in 

reaction centres of Rb. sphaeroides at time delays between -0.5ps and +15.5ps. 

Spectra were measured at 295K following excitation with a 0.7ps, 610nm pump pulse. 

Spectra F shows the difference between the spectra observed at +15.5ps and +l.lps, 

this difference is attributed to primary charge separation from P870* to P870+BPh" 

with a lifetime of 4.1ps. The absorption changes observed near 800nm were attributed 

to the effect of the formation of P870"^BPh' upon the ground state absorption spectra of 

the monomeric BChl molecules. 
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Therefore, when exciting at 610nm, this 1.5ps energy transfer process could 

complicate any conclusions about the possible formation of the intermediate state 

P"''BChr during the primary ET process. 

6.2.1.2 1986-1990. 

Since 1986, advances in the generation and amplification of ultrashort pulses 

allowed the study of the primary ET process using sub-picosecond infra-red optical 

pulses. All the transient absorption studies described below used optical pulses of 

(100-200)fs duration, and excited directly into the Qy-absorption band of the special 

pair, unless otherwise stated. In addition, low excitation intensities were used, exciting 

at most 20% of the reaction centres. These experimental conditions have enabled the 

study of sub-picosecond absorption transients, and avoid any possible complications 

arising from relatively slow energy transfer between the chromophores, or multiple 

excitations of individual reaction centres. 

Over the last five years, these experimental conditions have been used to study the 

primary ET process primarily by three groups: Kirmaier and Molten in the USA, 

Breton, Martin, Fleming and co-workers in France, and Holzapfel, Zinth and Kaiser in 

Germany. It is now agreed that the transfer of an electron from the special pair to a 

bacteriopheophytin occurs in approximately 3ps at room temperature, observed in Rb. 

sphaeroides [Breton et al. 1986b, Kirmaier & Holten 1990, Holzapfel et al. 1989 & 

1990], Rps. viridis [Breton et al. 1986a, Zinth et al. 1990] and Rb. capsulatus 

[Kirmaier & Holten 1988]. This rate was determined primarily from the rate of loss of a 

stimulated emission band associated with the P870* and P960* states (observed 

between 870nm and lOOOnm for P870* and at around 1050nm for P960*). The same 

rate was determined for the reduction of the bacteriopheophytin BPh^, the primary 

electron acceptor (observed by monitoring the rate of bleaching of the Q absorption 

bands of BPhjJ. The rather faster rate observed by these groups compared to the earlier 

results discussed above probably reflects the improved time resolution and more 

appropriate excitation wavelength used in the more recent studies. 

The rate of primary charge separation is weakly dependent upon temperature, 

shortening from (3ps)"l at room temperature to (700fs)"l and (1.2ps)"^ for Rps. 

viridis and Rb. sphaeroides respectively at lOK [Fleming et al. 1988, see also 

Woodbury et al 1985, Kirmaier & Holten 1990]. Models of this temperature 

dependence will be discussed in section 6.2.4. 

Energy transfer to both P870 and P960, following excitation into the Qy-absorption 

bands of the accessory pigments, was observed to occur in less than lOOfs at room 

temperature [Breton 1986a & 1986b], in agreement with a recent low temperature hole 
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burning study [Johnson 1990, see section 6.3]. The electron transfer process has been 

observed to proceed preferentially down the L branch to BPh^, rather than down the 

M-branch to BPh^, with a branching ratio of greater than twenty five at 80K [Aumeier 

et al. 1990, see also Shuvalov & Duysens 1986, Chekalin et al. 1987]. 

The above observations are now all reasonably well established. However 

controversy remains in two areas: the role of BChl^ in mediating the electron transfer 

from the special pair to BPhL, the degree to which sample heterogeneity may be 

influencing the observed kinetics (and particularly the observed temperature 

dependence). In addition, considerable progress has recently been made in the 

application of transient absorption spectroscopy to reaction centres which have been 

modified by site directed mutagenesis. These topics are discussed below. 

6.2.2 MODELS OF THE PRIMARY ELECTRON TRANSFER. 

X-ray crystallography analyses of the bacterial reaction centre has shown that a 

monomeric bacteriochlorophyll molecule (BChl]J is positioned between the special pair 

(P) and the primary electron acceptor (BPhjJ, the latter two species being separated by 

\lk (see figure 1.6) Through space electronic coupling drops off exponentially with 

distance. As a result theoretical calculations suggest that direct electronic coupling 

between P* and BPh^ is too weak to explain the observed (3ps)"l primary ET rate. 

This suggests that BChl^ has some role in facilitating this primary ET process. Two 

models of this role have been widely discussed: a single step, superexchange 

mechanism or a two step, sequential mechanism. 

The Superexchange model. 

A single step model of the primary ET where BChl^ serves to increase the electron 

coupling between P and BPhL by the mechanism of superexchange. It can be 

represented by 

k 
(P BCWL)* BPhL P+BChlLBPhL" 6.2 

In this model the ET is described in terms of Marcus type non-adiabatic, 

activationless, or pseudoactivationless, ET theory [Bixon et al. 1989, Bixon & Jortner 

1989]. The mechanism postulates a quantum mechanical mixing of the states P*BChlL 

and P'^BCWl" (described by time-independent perturbation theory), thereby enhancing 

the electronic coupling between the states P* and P^BPh". 

A critical prediction of this model is that the state P'^BCWl" should not be an 
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FIGURE 6.2: 

A plot of the transient population densities of P* ([A]), P^BChlL" ([B]) and 

P^BPh^" ([C]) predicted by the sequential charge separation model described by 

equation 6.3, with k j = (3ps)"l and k] = (lps)"l. The transient population of 

P'^'BCWl" never exceeds 20%, and the kinetics differ significantly from a single step, 

monoexponential decay only during the first Ips following excitation. 
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observable kinetic intermediate, but rather that the initially excited P* has some inherent 

P'^BChlL" character. 

It follows from this model that a weak bleaching of the Qy absorption band of 

BChlL should be observed which should exhibit the same kinetics as P* (i.e. 

instantaneous appearance followed by a decay with a rate k). However, I am not aware 

of any theoretical calculations on the straigth of the Qy(BChlL) bleaching predicted by 

the superexchange model. The bleaching is likely to be very small, and its possible 

contribution to the transient absorption data has not been considered in any 

experimental study to date. 

The sequential model. 

In this model the primary ET process is considered a two step reaction: 

ki k2 

P* P+BChlL" ^ P+BPhL" 6.3 

where k j < k.2- According to this model, the state P^BChlx" should be a kinetically 

observable intermediate. Theoretical descriptions of this model have been published 

where both steps are described in terms of non-adiabatic ET theory [Marcus & Almeida 

1990] or where the first step is non-adiabatic, followed by adiabatic ET from BChlL" to 

BPhL" [Marcus 1988]. 

The maximum transient population of the state P^BChlx" depends on the ratio of 

the two rates, k j / k2. Time courses for the population of the three states assuming ET 

rates of k^ = (3ps)"^ and k2 = (Ips)'^ are shown in figure 6.2, where the maximum 

population of P"*"BChlL" is only 20%. Such a model will exhibit very similar transient 

absorption kinetics to the superexchange mechanism above with k = (3ps)"l. The only 

experimentally observable difference indicating the presence of a two step process 

would be the observation of a low amplitude exponential component, with a Ips 

lifetime, at wavelengths where the differential absorption cross-sections for the 

formation of P"''BChlL" state are large. 

Orher models. 

Kitzing and Kuhn [1990] have recently modelled the primary ET in terms of a 

'stochiastically perturbed adiabatic ET process'. This model involves the coherent 

delocalisation of the excited electron over P, BCWl and BPhj^, followed by vibrational 

relaxation to the state P^BPh^'. Biexponential kinetics are predicted as in the 
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sequential model above, however the intermediate state would not be P'^BChlL", but 

the delocalised state (P BChl^ BPh^)*, and k j > k2. This model appears to be 

inconsistent with recent hole burning studies (see section 6.3). 

6.2.3 THE ROLE OF THE ACCESSORY CHLOROPHYLL BCHLL-

The ground state absorption spectra of Rb. sphaeroides and Rps. viridis are 

shown in figure 1.7. The spectrum for Rps. viridis is similar but red shifted and with 

less well resolved Qy(BChl) and Qy(BPh) peaks compared to the spectrum for Rb. 

sphaeroides . The spectral region of most controversy is the Qy(BChl) absorption 

band, peaking at 805nm for Rb. sphaeroides. At low temperatures, some sub-structure 

to this band has been observed, with a low temperature shoulder being tentatively 

assigned by some groups to the higher energy excitonic transition of P870, Py+ 

[Vermiglio et al. 1982, Parot et al. 1985, Johnson et al. 1989, Martin et al. 1990, see 

also section 6.3]. Other groups have assigned this absorption band to the two 

monomeric bacteriochlorophylls, the shoulder being attributed to a splitting of their Qy-

absorption bands [Krrmaier et al. 1985b, Kirmaier & Holten 1988, Holzapfel et al. 

1989 & 1990]. 

An electrochromic shift has been observed in the region of the Qy(BChl) absorption 

band, associated with the formation of the radical pair state. In Rb. sphaeroides at 

room temperature, this electrochromic shift has been observed as an absorption increase 

at 785nm and decrease at 810nm [Woodbury et al. 1985] (see figure 6.1), at 5K the 

absorption increase and decrease both split into two distinct bands [Kirmaier et al. 

1985]. 

Recent papers discussing time resolved measurements over this spectral region will 

now be discussed in turn. The work of the different groups is presented approximately 

in chronological order. The conclusions of the different groups are summarised in 

6.2.5. All experiments were conducted exciting directly into the lowest energy 

absorption band of the special pair, with a time resolution of 100-2(X)fs, unless 

otherwise stated. I will summarise the current controversy in 6.2.5. 

6.2.3.1 The results ofShuvalov and co-workers. 

Shuvalov and co-workers have maintained since 1978 that they could observe 

absorption transients indicative of a P^BChl^" intermediate state during the primary ET 

process (see discussion in section 6.2.1 and Chekalin et al. [1987]). However, their 

data supporting this interpretation is contradictory and inconclusive. They have not 

conducted any experiments exciting directly into the Qy-absorption band of the special 

pair with sub-picosecond pulses. 
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6.2.3.2 The results of Martin, Breton and co-workers (M&B). 

M&B have conducted have used femtosecond transient absorption spectroscopy to 

study the primary charge separation in reaction centres of Rb. sphaeroides [Martin et 

al. 1986, Breton et al. 1986b, Fleming et al. 1988, Martin et al. 1989], Rps. viridis 

[Breton 1986a, Fleming 1988] and Chloroflexus aurantiacus [Martin et al. 1990]. 

These experiments, conducted at temperatures between 8K and 300K, are much 

broader in scope than those of any other group. Several of their conclusions have been 

outlined above. However, until the latest of these publications [Martin et al. 1990], 

M&B were limited to single (but variable) wavelength detection of the probe beam. 

Concerning the role of BChlL, M&B have compared the kinetics of the absorption 

changes observed at the peak of the Qy(BChl) absorption band to those observed for 

the loss of the P* stimulated emission band and the bleaching of the Q%-absorption 

band of the BPh. Their detection bandwidth was 6nm. This was conducted for both 

Rb. sphaeroides and Rps. viridis at room temperature [Breton et al. 1986b and 

references therein] and at lOK [Martin at al. 1989], selected data is shown in figure 

6.3. In all experiments, the same monoexponential kinetics were observed at all three 

wavelengths. From their low temperature data, M&B estimated that if the primary ET 

was two step process, then k2 was at least seventy times greater than k% [Martin et al. 

1989] (see equation 6.3). This yielded a value for k] of (10fs)"l, which was 

considered to be unreasonably high. M&B therefore favoured the single step 

superexchange model of primary charge separation. 

Recently M&B have used a multichannel detector to collect time resolved spectra 

over the spectral region 730nm to 890nm [Martin et al. 1990]. They studied reaction 

centres of Chloroflexus aurantiacus at lOK. Chloroflexus reaction centres are thought 

to differ from those of Rb. sphaeroides or Rps. viridis in that one of the monomeric 

bacteriochlorophylls is replaced by a bacteriopheophytin, reducing the number of 

pigments contributing to the controversial spectral region around 800nm. They 

observed an instantaneous band shift centred at 809nm, which increased in magnitude 

and blue shifted over several picoseconds as shown in figure 6.4. An isobestic point 

was observed at 802nm, which indicated the presence of only one kinetic process. The 

initial bandshift was tentatively assigned to the bleaching of the higher energy excitonic 

transition Py+ of the special pair and the instantaneous appearance of a BChl monomer-

like band at 806nm. The presence of a Py+ absorption band at approximately 813nm is 

supported by hole burning experiments [Johnson et al. 1989, see section 6.3] and 

photoselection experiments [Parot et al. 1985]. Alternatively, Martin et al. suggested 

that the initial bandshift could be an electrochromic shift of the Qy(BChl) absorption 
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FIGURE 6.3. 

Transient absorption changes observed in reaction centres of Rb. sphaeroides and 

Rps. viridis at room temperature [from Breton et al. 1986b]. Excitation and probe 

wavelengths as indicated in each figure. The dotted lines (•••) are fits to an 

instantaneous absorption change plus a monoexponential transient with a 2.8ps 

lifetime. 
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FIGURE 6.4. 

Spectra of the absorption changes observed between 770nm and 840nm in reaction 

centres of Chlowflexus auramiacus at lOK [from Martin et al. 1990]. The spectra were 

measured at time delays of 600fs (—), 4ps (-•-), lOps (—) and lOOps (•••) following 

excitation with 150fs pulses at 870nm. The absorption changes observed at near 810nm 

after a time delay of only 600fs are interpreted as evidence against a sequential primary 

charge separation model (see text). 
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band induced by P*. In either case the data was considered to favour a single step 

primary charge separation model. The complexity of these absorption changes observed 

over this spectral region led M&B to conclude [Martin et al. 1990] that 'kinetic data at 

wavelengths in this region (770nm-840nm)w/i/c/2 reveal small deviations from a 

single exponential behaviour should not be a priori interpreted as indicating the 

presence of an intermediate in the electron transfer pathway from P* to the 

bacteriopheophytin 

6.2.3.3 The results of Kirmaier and Holten (K&H). 

K&H have used a multichannel detector to in spectra over the region 720nm-

850nm. They have studied, at room temperature and at lOK, reaction centres of both 

Rb. capsulatus [Kirmaier & Holten 1988], using a rather slower time resolution of 

350fs, and Rb. sphaeroides [Kirmaier & Holten 1990], using a time resolution of 

150fs. Results taken with Rb. capsulatus and Rb. sphaeroides were observed to be 

quahtatively the same. Data from Rb. capsulatus is shown in figure 6.5. The electronic 

shift of the Qy(B) absorption band (marked by the arrows) was observed to be absent 

at early times, and subsequently to grow in at a similar rate to the bleaching of the BPh 

Qy-absorption band (observed at 755nm). Two isobestic points were observed at 

765nm and 798nm, from the latter isobestic point k2 was estimated to be at least twenty 

times faster than k j [Kirmaier & Holten 1988]. They concluded that the sequential 

model described above was probably inappropriate as a description of the primary 

charge separation process. 

In addition, K&H observed that the apparent rate of primary charge separation 

(determined by a monoexponential fitting model) was strongly dependent upon 

detection wavelength over the spectral range 740nm to 830nm. For Rb. sphaeroides , 

the best fit time constant was observed to vary between 1.3ps and 4ps, using a 

detection bandwidth of ~3nm. Moreover, at certain wavelengths the observed decay 

was found to fit a biexponential mathematical fitting model (lifetimes of approx. Ips 

and 3ps) significantly better than a monoexponential model. These observations 

(including the apparently biexponential behaviour) were interpreted as being a 

consequence of sample heterogeneity and were not considered to be indicative of a 

sequential primary charge separation [Kirmaier & Holten 1990]. Details of these 

observations will be discussed further in 6.2.4. 

6.2.3.4 The results ofHolmpfel, Zinth and co-workers (H&Z). 

H&Z have conducted a detailed study of the ultrafast transient absorption kinetics 

observed at room temperature in Rb. sphaeroides [Holzapfel et al. 1989 & 1990]. 

They used single wavelength detection, with a 10nm-18nm bandwidth, to collect 
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FIGURE 6.5 

Time-evolution of the near infrared absorption changes accompanying electron 

transfer from P* to P"'"BPhL" in reaction centres of Eb. capsulatus at room temperature 

[from Kirmaier & Holten 1988]. The spectra were measured at time delays of 600fs 

(solid), 1.6ps (dashed), 3.2ps (solid) and 16.8ps (dashed). The arrows mark how the 

absorption changes vary with increasing time delay. The observation of two isobestic 

points was interpreted as evidence against a sequential charge separation model (see 

text). 
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FIGURE 6.6. 

Transient absorption changes observed in reaction centres of Rb. sphaeroides (a,b) 

and Rps. viridis (c,d) at room temperature [from Zinth et al. 1990]. The filled circles 

represent the experimental data, the solid line the best fit obtained using a two step 

sequential charge separation model (see text). The dashed lines (b,d) is the best fit 

using a single step model. Note the combination of linear and logarithmic time scales, 

decays at twenty wavelengths between 500nm and 1050nm. 
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decays at twenty wavelengths between 500nm and 1050nm. The significance of this 

broad detection bandwidth will be discussed in section 6.2.6. Data were collected over 

the time range Ops to lOOOps and fitted to three and four exponential models. Two of 

these lifetimes correspond to electron transfer from BPh^' to (220ps) and the decay 

of P"*" Q a ' (infinite lifetime) and will not be further considered here. 

A significantly better fit to the data was achieved with a four exponential model 

compared to a three exponential model, particularly for 545nm, 650nm to 700nm and 

750nm to 810nm. Typical decays are shown in figure 6.6. The four exponential model 

yielded lifetimes of t j = (3.5±0.4)ps and t2 = (0.9±0.3)ps. This mathematical model 

was analysed in terms of the two step charge separation model shown in equation 6.1, 

with ti and t ] corresponding to k j and k2 respectively. Difference absorption spectra 

were calculated for the states ?*, P'^BChlL' and P'^'BPh". The effect of probe 

polarisation upon the amplitudes of the two fast kinetic components was determined at 

665nm and 753nm. The polarisation dependence was observed to be in agreement with 

a two step charge separation model, using the pigment orientations determined by 

crystallographic studies. 

Similar results were obtained using reaction centres of Rps. viridis [Zinth et al. 

1990]; lifetimes of approximately 3.5ps and (0.65±0.3)ps were obtained for t̂  and t2 

respectively. 

H&Z therefore favoured the two step, sequential primary charge separation model. 

6.2.4 THE INFLUENCE OF SAMPLE HETEROGENEITY. 

Kirmaier and Holten [1990] observed that the apparent rates of both primary and 

secondary electron transfer exhibit a strong wavelength dependence, when monitored in 

the region of the Qy absorption bands of the monomeric bacteriopheophytin and 

bacteriochlorophyll. These experiments were carried out upon reaction centres of Rb. 

sphaeroides at both 285K and 77K, using a detection bandwidth of 3nm. This 

observation was attributed to a distribution of reaction centres (or a few conformers) 

with different ET rates. The wavelength dependence (a factor of three for both rates at 

285K) was suggested to result from the different conformations having slightly shifted 

Qy absorption bands for their BChl^ and BPh]̂ . It had been suggested by several 

groups that reaction centres exist in a number of conformational states which 

interconvert on a time scale much faster than milliseconds, which would be consistent 

with K&H's suggestion. 

The distribution of rates appeared to be much less at 77K; the rates being similar at 

all wavelengths to the fastest rate observed at 285K. K&H suggested this was caused 
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by 'a shift in the distribution of reaction centres towards those in which electron 

transfer occurred with the fastest rates'. They suggested that the increase in the rate of 

primary ET observed by Fleming et al. [1988, also Martin et al 1989] did "not reflect 

an actual increase in the rate of electron transfer but rather derived from a shift in the 

distribution of reaction centres". Fleming et al. had measured the rate by the decay of 

the P* stimulated emission band; the broad bandwidth of this band would have resulted 

in the observed rate corresponding to the mean rate of the distribution. However, this 

suggestion is difficult to reconcile with some recent results of Nagarajan et al. [1990] 

(see 6.2.5). 

It is not clear whether the apparently monoexponential kinetics observed for the loss 

of P* stimulated emission at both room and liquid helium temperatures [Woodbury et 

al. 1985, Breton et al. 1986, Kirmaier & Holten 1988, Fleming et al. 1988, Holzapfel 

et al. 1990] are consistent with a distribution of primary ET rates (see also section 

6.2.5). It is interesting to note that a clearly multiexponential decay of the P* stimulated 

emission band has been observed in Chloroflexus reaction centres at lOK [Martin et al. 

1990]. However this observation may well be an anomaly confined only to 

Chloroflexus. 

6.2.5 SITE DIRECTED MUTAGENESIS. 

The combination of site directed mutagenesis and ultrafast transient absorption 

spectroscopy is proving to be a powerful tool in helping to establish the mechanism of 

the primary ET process. A mutant has been studied in which one bacteriochlorophyll 

molecule of the special pair has been exchanged for a bacteriopheophytin molecule 

[Bylina & Youvan 1988]. The primary electron transfer rate was reduced from (3.5ps)" 

1 for the wild type to (15ps)"l for the heterodimer mutants, with a 45% reduction in the 

quantum yield of radical pair, but no apparent change in directionality [Kirmaier et al. 

1988]. Considering the drastic nature of this mutation, it was concluded that the 

primary ET process, and particularly its directionality, was not critically dependent 

upon the details of the special pair. The cause of this directionality has also been 

investigated in a study using site directed mutagenesis to modify a glutamic acid residue 

near BPh^ [Bylina et al. 1988]. Despite the mutation inducing a lOnm red shift in the 

absorption spectrum of BPh^, the directionality of primary ET was unaffected. 

Nagarajan et al. [1990] have recently compared the rate of primary electron transfer 

observed in wild type reaction cenfres of Rb. sphaeroides to the rate observed in 

reaction centres with tyrosine (M)210 mutated to either phenylalanine or isoleucine. 

Tyrosine (M)210 is positioned between P870, BCW l and BPh^. The reaction centres 

were excited with 0.7ps, 610nm pulses, these conditions allow measurement of the rate 
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of electron transfer from P870 to BPIil, which was monitored by the rate of loss of the 

stimulated emission band of P870*. 

Slower primary electron transfer rates (by up to a factor of 30) were observed by 

Nagarajan et al. for both mutants compared to the wild type, over the temperature range 

77K-300K. More importantly, a qualitatively different temperature dependence was 

observed for the three reaction centres. Whereas the primary ET rate was observed to 

increase with lower temperatures for the wild type (as observed by Fleming et al. 

[1988]), the rate was temperature independent for one mutant, and for the second 

mutant the rate actually decreased as the temperature was lowered. These observed 

temperature dependencies were modelled in terms of non-adiabatic electron transfer 

theory [see also Fleming et al. [1988], Bixon & Jortner 1990]. The differences between 

the reaction centres were attributed to different electrostatic interactions between the 

mutated amino acid residue and the radical pair states P870'^BChlL" and P870"''BPhL". 

A comparison with the predictions of computer simulations lead Nagarajan et al. to 

suggest that their results were rather more consistent with a sequential, rather than 

superexchange, model of the primary charge separation, in agreement with the 

conclusion of Holzapfel et al. [1989 &1990]. 

The stimulated emission band of P870* was observed by Nagarajan et al. to exhibit 

monoexponential decay kinetics for the wild type reaction centres. However, for the 

mutated reaction centres at low temperatures the decay could not be fitted to a 

monoexponential model. A good fit was achieved using a stretched-exponential fitting 

model consistent with a distribution of electron transfer rates between the mutated 

reaction centres. This observation, and the temperature dependencies discussed in the 

above paragraph, are difficult to reconcile with the distribution model suggested for 

wild type reaction centres by Kirmaier & Hoi ten [1990, see also 6.2.4]. 

6.2.6 A SUMMARY OF THE CURRENT CONTROVERSY. 

From 1985 to 1989 there was a widespread consensus in favour of single step, 

superexchange mechanism of primary ET in the bacterial reaction centres. This was 

based primarily on the results of Martin, Breton and co-workers which indicated that 

BChr could not be observed as a transient intermediate. A theoretical model was 

developed [Michel-Beyerle et al. 1988, Bixon et al. 1989, Bixon & Jortner 1988 & 

1989 and references therein] which was consistent with this and other experimental 

observations [Lockhart et al. 1988, Aumeier et al. 1990]. However, this consensus 
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was broken in 1989 with the reported observation of the P+BChlL" state as a transient 

intermediate during the primary charge separation process [Holzapfel et al. 1989 & 

1990, Zinth et al. 1990, see also Michel-Beyerle & Ogrodnik 1990, Marcus 1990]. The 

situation was further complicated in 1990 with the suggestion that reaction centre 

preparations contain a distribution of reaction centres encompassing a three-fold 

variation in ET rates at room temperature (termed the 'distribution model' below) 

[Kirmaier & Hoi ten 1990]. 

I now summarise the similarities and differences in the details of the experiments 

and the analysis procedures carried out by the three different research groups (Martin, 

Breton and co-workers (M&B), Holzapfel, Zinth and co-workers (H&Z) and Kirmaier 

and Holten (K&H)): 

(i) All three groups used optical pulses of 100fs-200fs duration to excite directly 

into the Qy-absorption band of the special pair. H&Z used excitation energies a factor 

of three lower than either M&B or K&H; however, this is probably unimportant as 

there is no evidence that the results of K&H or M&B were affected by multiple 

excitation of reaction centres. K&H have not achieved as good a signal to noise levels 

as either M&B or H&Z. All three groups have studied reaction centres isolated from 

Rb. sphaeroides at room temperature. 

(ii) Detection bandwidth. It may be critical that the different groups used different 

detection bandwidths. K&H had a detection bandwidth of 3nm, and found a change in 

observed rate of up to 50% over as little as 3nm. M&B's bandwidth was 6nm, whilst 

that of H&Z lOnm to 18nm. If K&H's distribution model is correct, each decay 

collected by H&Z will have been the average over a relatively broad wavelength range, 

and should indeed be the sum of more than one exponential. 

(Hi) Single versus multichannel detection. The results of H&Z were achieved using 

single wavelength detection. Both M&B and K&H have used a multichannel detectors 

to observe an isobestic point near 800nm. At this wavelength H&Z claim the two 

kinetic processes should both be clearly observable, and therefore the presence of an 

isobestic point would be unlikely. 

(iv) Detection range. K&H have only collected data over a narrow spectral range, 

primarily from 740nm to 830nm. Both M&B and H&Z have collected from 5(X)nm to 

over 9(X)nm, although M&B have collected data at only a few wavelengths. 

(v) Exponential fitting procedures. There is some clear disagreement as to what 

mathematical fitting model is most appropriate. M&B obtained a good fit to their data 

with a single exponential plus a constant, using the same time constant at all 

wavelengths. H&Z claimed a single exponential fit was inadequate at many 

wavelengths, and therefore fitted their data to the sum of two exponentials plus a much 

longer decay, again using the same time constants at all wavelengths. K&H fitted their 
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data to a single exponential plus a constant, but allowed the time constant to vary with 

wavelength. 

(vi) Polarization measurements. Only H&Z have observed the polarization 

dependence of the absorption transients. Their results, whilst limited to only two 

wavelengths, support a two step charge separation model. 

It is important to note that all groups which have recently studied the primary ET 

process have observed non-monoexponential kinetics at certain detection wavelengths 

[Woodbury et al. 1985, Breton et al. 1986b, Martin et al. 1990, Kirmaier and Holten 

1990, Holzapfel et al. 1990]. Solely monoexponential kinetics were observed in several 

studies by M&B [Martin et al. 1986, Breton et al. 1986a, Fleming et al. 1988, Martin et 

al. 1989], however this is probably attributable to a combination of their relatively 

limited number of detection wavelengths and also to IOWCT sample temperatures used in 

some of these studies. Disagreements have arisen primarily on the analysis and 

interpretation of these multiexponential kinetics. 

The analysis of sums of exponential components with similar rate constants is a 

notoriously difficult task, very dependent upon the fitting model used and experimental 

details. All analyses to date have involved fitting of the absorption transients attributed 

to primary ET to the sum of one or two exponentials plus a relatively constant 

background. If there is indeed a distribution of primary ET rates, K&H have pointed 

out that such a simple mathematical model will be inadequate (see also Nagarajan et al. 

[1990]). However, for the meaningful application of more sophisticated fitting models, 

it will probably be necessary to achieve significantly higher signal to noise levels than 

those attained to date. 

The distribution model of K&H appears to be consistent with most of the data 

published to date. However, it is difficult to reconcile this model with the results of 

Nagarajan et al. [1990], see section 6.2.5. 

The two step, sequential primary charge separation model of H&Z is supported by: 

(i) the observation of a biexponential decay over a wide spectral range, 

(ii) the calculation of a spectrum for the intermediate state which is consistent with 

the intermediate state being P'^BQiIl", 

(iii) the observed polarization dependence of the kinetics. 

However, it is not clear to what degree the presence of a distribution of electron 

transfer rates would influence this conclusion. In addition, H&Z do not appear to have 

considered the possibility that there is a higher energy excitonic transition of P in the 

region of 800nm, as has been suggested by Martin et al. (1990). It is conceivable that 

the intermediate state observed by Z&H is not P'^'BChlL", but rather an internal charge 

transfer state of the special pair, or that the observed 0.9ps kinetic may correspond to 

some form of vibrational relaxation. 
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Clearly more data is required. In particular, it will be very useful if different groups 

use the same experimental conditions to study reaction centres from the same 

bacterium, and then compare and analysis their data using different fitting procedures. 

An overview of the current situation is summarised in section 6.4, and the 

implications of these studies for the observation of the primary ET process in PS II 

discussed in section 6.5. 

6.3 HOLE BURNING SPECTROSCOPY. 

6.3.1 INTRODUCnON. 

In principle, hole burning (HB) spectroscopy and ultrafast transient absorption 

spectroscopy yield complimentary results which can together further the understanding 

of the primary electron transfer processes in photosynthesis. For those readers 

unfamiliar with hole burning spectroscopy, an introduction to this field is given in 

appendix 1. This appendix also includes a review of the controversy which developed 

in the late 1980's about the interpretation of hole burning studies of bacterial reaction 

centres. In the light of the outcome of this controversy, the results presented below are 

based upon the work of a single research group, that of Small and co-workers. 

The experiments described below are carried out at 1-4K, upon isolated bacterial 

reaction centres with no cytochrome activity. All are essentially transient hole burning 

experiments, with the metastable, or bottleneck, state being P^Q . A pulsed, narrow 

bandwidth 'bum' laser is used to excite the reaction centres, and the consequential 

change in the absorption spectrum of the sample monitored a few milliseconds later. By 

the suitable choice of bum wavelength, it is possible to excite a sub-population of 

pigments in similar micro-environments. Under these conditions, the resulting 

absorption difference spectrum can be quantitatively related to the homogeneous line 

shape of the appropriate absorption band of the optically excited pigments. Analysis of 

this lineshape gives a measurement of the lifetime of lowest singlet excited state of the 

pigment, and also gives information about the interaction of pigment molecules with 

their protein matrix, as described by the strength and nature of their electron-phonon 

coupling. In the majority of the experiments described below, the transient hole is burnt 

at wavelengths in the lowest energy absorption band of the special pair and the 

experiment therefore allows an estimate of the lifetime of the lowest singlet state of the 

primary electron donor (P*). 
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6.3.2 RESULTS AND DISCUSSION. 

Typical transient hole burning (THE) spectra obtained by Small and co-workers are 

shown in figure 6.7, using reaction centres isolated from Bb. sphaeroides . Clearly 

observable is the zero phonon hole (ZPH) and phonon side wings (see figure A1.2 for 

comparison). The measurement of the width of the observed ZPH (corresponding to 

the 0-0 electronic transition) allows calculation of the lifetime of the corresponding 

optically excited state (as discussed in section A 1.2). This yields a P870* decay time of 

(1.3±0.3)ps [Johnson et al. 1989], in close agreement the primary ET rate of 

(1.2±0.1)ps observed by ultrafast time domain experiments at lOK [Fleming et al. 

1988, Breton et al. 1988]. Close agreement is also observed for the P960* decay time 

[Johnson et al. 1989]. This agreement indicates that there is no sub-picosecond 

relaxation of the P870* and P960* states occurring as a precursor to primary charge 

separation. 

This agreement is interesting since the THE experiment measures the Ufetime of the 

lowest vibrational level of the lowest optically excited state of P870, whereas the time 

domain experiments in general create P870* vibrationally excited. It was concluded by 

Johnson et al. that the rate of primary electron transfer was independent of the degree of 

vibrational excitation of the initially gen^ated P* state, implying that thermalisation of 

the excess vibrational energy occurs on a sub-picosecond time scale. This conclusion 

would appear to be inconsistent with the model of Kitzing & Kuhn [1990], in which 

vibrational relaxation would occur in a few picoseconds after a delocalisation of the 

excited electron (see section 6.2.2). 

It has been suggested, on the basis of results obtained using Stark effect 

spectroscopy, that the singlet excited state of the bacteriochlorophyll special pair has 

some intradimer charge transfer character [DiMagno et al. 1990 and references within]. 

The results of Small and co-workers do not provide any clear conclusions as to the 

degree of charge transfer character of the initially formed P870* and P960* states. It 

can, however, be concluded that there is no subpicosecond relaxation from the P870* 

and P960* states to a charge transfer state occurring as a precursor to primary charge 

separation. 

The transient holes observed by Small and co-workers and shown in figure 6.7 are 

assigned to the P+Q" state. The formation of P^Q' also results in electrochromic shifts 

of the Qy-absorption bands of the neighbouring bacteriopheophytin and accessory 

bacteriochlorophyll molecules, in the region 780-860nm for Rps. viridis . The 

absorption changes observed in this spectral range have been studied as a function of 
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FIGURE 6.7: 

The hole-bumed spectra for P870, observed in reaction centres of Rb. sphaeroides 

at 4.2K [from Johnson et al. 1989]. Solid arrows indicate Ag at 918nm, 912nm, 

910nm, 910nm and 905nm. All spectra are plotted as the change in transmittance of the 

sample transiently induced by the bum laser, except spectra 3b which is plotted as the 

change in optical density. The sharp feature observed at Ag in spectra 1 to 3a is the zero 

phonon hole. Dashed arrows indicate the position of a satellite hole attributed to a 

relatively high energy vibrational mode. 
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bum wavelength (Xg) [Johnson et al. 1989], with Xg remaining in the region of the 

P960 Qy-absorption band. Only spectral changes in the region around 850nm were 

affected by changes in the bum wavelength. This was attributed to a positive correlation 

between the site energy distribution functions of the 850nm and P960 Qy-absorption 

bands. In other words, the 850nm absorption band is sensitive to the same features of 

the protein microenvironment which cause the heterogeneous broadening of the P960 

Qy-absorption band (see also section Al.3.3). No such positive correlation was 

observed with any other Qy transitions. A similar positive correlation was observed for 

Bb. sphaeroides between P870 and a band at 810nm [Johnson et al. 1990]. Such 

positive correlations have only previously been observed between optical transitions 

which are strongly excitonically coupled. Johnson et al. [1989] therefore suggested that 

these observations were evidence in favour of the 850nm and 810nm bands being the 

higher energy components of the excitonically coupled Qy-absorption bands of the 

special pairs (see also section 6.2.3 above). 

If confirmed, this suggestion has considerable relevance to the time resolved studies 

on Rb. sphaeroides of Holzapfel et al., 1990. Holzapfel's observation of a two step 

primary charge separation process is based in part upon the observation of a transient 

bleaching of the 805nm absorption band, which they, however, assign to a Qy 

transition of one of the accessory chlorophyll molecules (see section 6.2.3 above). 

Johnson et al. [1990] have also observed the spectral changes observed in Rps. 

viridis when the Ag was in the Qy-absorption band of the bacteriopheophytin around 

810nm. The observed transient spectral changes were also attributed to the P^Q" 

bottieneck state. No Xg dependence was observed and it was concluded that the Qy-

ab sorption band of the bacteriopheophytin was primarily homogeneously broadened by 

an ultrafast relaxation process with a lifetime of ~30fs. A similar lifetime was also 

estimated for the accessory bacteriochlorophyll. This relaxation process was assigned 

as ultrafast energy transfer to P870, in agreement with the ultrafast time domain 

experiments of Breton et al. [1986a] who had observed that energy transfer from tiie 

accessory bacteriochlorophyll and bacteriopheophytin pigments to P870 occurs in 

<100fs. It was postulated [Johnson et al.l990] that this energy ti^sfer was facilitated 

by a broad distribution of 'dark' charge tiansfer states spanning the energy gap between 

P870 and the accessory pigment Qy-absorption transitions. 

6.4 OVERVIEW. 

In this section, I summarise the situation regarding what is currentiy known about 
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the dynamics of the primary charge separation process in purple bacteria. 

(i) Energy transfer from the accessory pigments to the special pair appears to be 

very rapid. Excitation at 610nm results in ene-gy transfer with a lifetime of the order of 

Ips or less, excitation into the Qy-absorption bands of the accessory pigments results in 

energy transfer lifetimes of the order of 30-50fs. 

(ii) There does not seem to be a sub-picosecond relaxation of the optically excited 

P* state to, for example, an intradimer charge transfer state. The optically excited P* 

state may have some inherent charge transfer character. 

(iii) The rate of primary electron transfer appears to be independent of the degree of 

vibrational excitation of the initially excited P* state (at least at liquid helium 

temperatures). 

(iv) The average primary electron transfer rate, observed by the rate of loss of the 

P* stimulated emission band and the rate of bleaching of the BPh%̂  absorption bands, is 

approximately (3ps)'l at 300K. 

(v) The electron transfer proceeds preferentially down L sub-unit side of the 

reaction centre, with a branching ratio of at least 25. 

(vi) This observed (3ps)~l rate may be the mean rate of a distribution of reaction 

centres which, at room temperature, have rates of primary electron transfer between 

(1.3ps)"l and (4ps)"l. 

(vii) The mean rate of electron transfer is weakly temperature dependent, increasing 

by approximately a factor of three between room temperature and 77K. 

(viii) Non-monoexponential kinetics can be observed over several spectral regions. 

(ix) The mechanism of primary electron transfer and the role of BCWl remain 

uncertain. 

6.5 IMPLICATIONS FOR TRANSIENT ABSORPTION STUDIES OF 
THE PRIMARY ELECTRON TRANSFER PROCESS IN 
PHOTOSYSTEM TWO. 
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The following comments are based upon the assumption that the primary electron 

transfer processes are similar in reaction centres of purple bacteria and PS II. The 

justifications for this assumption are discussed in section 1.4.4, and its validity in the 

light of results presented in this thesis discussed in section 8.4. 

The most obvious conclusion which can be drawn from transient absorption studies 

of the primary ET process in purple bacteria is that it is likely to be very difficult to 

establish the details of the kinetic stq)s comprising the primary ET process in PS II. 

The primary ET process has been studied in the reaction centres of purple bacteria for 

15 years, and the kinetic pathway of this reaction still remains the subject of 

controversy. Moreover, the absorption bands of the chromophores in PS n overlap to a 

greater degree than in purple bactaia, and the isolated PS 11 reaction centres appear to 

be much less stable. 

A number of lessons can be inferred from the transient absorption studies of the 

bacterial reaction centres described above. It is important to ensure that sufficiently low 

excitation intensities are used to prevent multiple excitation of individual reaction 

centres. Multiple excitations can generate spurious absorption transients which can be 

confused with the primary charge separation [see Holten et al. 1980]. 

Energy transfer from the accessory pigments to the bacterial special pair is fast, of 

the order of Ips or less, whilst the primary ET reaction has a lifetime of several 

picoseconds. This suggests that the transfer of an electron from P680 to a pheophytin 

should be observable in PS H even when not exciting P680 directly, and when using a 

Ips time resolution. However, for detailed study of the role of monomeric chlorophyll 

molecules in the primary ET process, it will probably be necessary to excite directly 

into the Qy-absorption band of P680, and use optical pulses of 200fs duration or less. 

In addition, complex transient absorption kinetics can be expected. The meaningful 

analysis of these kinetics will probably require a channel noise level equivalent to a 

AOD of less than 10"3. The aim when constructing the femtosecond transient 

absorption spectrometer was to achieve aU of these requirements. 

In addition, it is possible that on the time scale of the primary charge separation, the 

reaction centres may exist in a number of different conformational states with differing 

charge separation rates. This may be detectable by observing the wavelength 

dependence of the observed kinetics, using a monitoring bandwidth of a few 

nanometers. 

These observations have been very useful as a basis from which to proceed with the 

study of the primary charge separation process in PS II, as described in chapter seven. 
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CHAPTER SEVEN: PRIMARY CHARGE SEPARATION IN 
PHOTOSYSTEM TWO. 

7.1 INTRODUCTION. 

This chapter describes transient absorption studies of the primary charge separation 

process observed in isolated PS n reaction centres. This electron transfer reaction 

results in the formation of the primary radical pair state P680''"Ph'. The initial aim of the 

studies described in this chapter was to observe transient absorption kinetics which 

could be assigned to primary charge separation. This would yield the rate of charge 

separation and allow the identification of the excited states involved in this process. 

These studies were conducted over three years during this Ph.D project, using the 

picosecond, and later the femtosecond, transient absorption spectrometers (PTA and 

FTA spectrometers respectively). 

7.1.1 ABSORPTION SPECTROSCOPY OF THE PRIMARY RADICAL PAIR. 

The absorption difference spectra of the reactant and product states involved in 

primary charge separation in PS II have not been unambiguously characterised, and this 

has greatly complicated the study of this process. 

The precursor state to the primary charge separation in PS II has been referred to in 

this thesis as P680*' the lowest singlet excited state of P680. P680 is probably a pair of 

excitonically coupled chlorophyll molecules (see section 4.4.2.2), with an absorption 

maximum at approximately 680nm, and possibly a second excitonic Qy-absorption 

band a few nanometers to the red or blue of 680nm (see sections 4.4.2.2 and 4.4.3). 

However, apart from the recent hole burning studies discussed below, there is no direct 

evidence for the degree of localisation upon P680 and / or other pigment molecules of 

the singlet excited state which precedes primary charge separation. This assignment is 

made primarily by analogy with the primary charge separation in purple bacteria 

(section 6.2). This analogy may, however, not be appropriate. In bacteria, the lowest 

singlet state of the special pair has an absorption maximum 60nm to the red of the 

lowest energy absorption bands of the other pigments, corresponding to an energy 

difference of greater than l(X)meV. In PS II, the porphyrin pigments bound to the 

reaction centre complex have Qy-absorption maxima between approximately 670nm 

and 680nm, an energy range of only 25meV. Moreover, it is possible that one or more 

of the accessory pigments has an absorption maximum at approximately 680nm in 
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addition to P680, and would therefore have a singlet state isoenergetic with the lowest 

singlet state of P680 [sections 4.4.2.2, 4.4.3, Tang et al. 1990]. For convenience, I 

will continue to refer to the precursor state to primary charge separation as the lowest 

singlet excited state of P680, or P680*, and use the terms P680 and the primary 

electron donor of PS 11 interchangeably. 

It is well established that primary charge separation ultimately results in the 

reduction of a pheophytin molecule. Illumination of PS II particles under strongly 

reducing conditions (generally achieved by the addition of dithionite) results in steady 

state absorption changes characteristic of the reduction of a pheophytin molecule, such 

as the bleaching of a Q^-absorption band of the pheophytin at 545nm [Klimov et al. 

1977, Nanba & Satoh 1987, Barber & Melis 1990]. The same absorption band was 

observed to be bleached 4ns after excitation of the isolated PS II reaction centre reaction 

centres [Danielius et al. 1987]. Danielius et al. monitored the absorption difference 

spectrum between 430nm and 685nm, and assigned this spectrum to the primary 

radical pair state P680''"Ph~, which decayed with an exponential lifetime of 36ns (see 

also sections 4.1.1 and 4.3). 

The position of the Qy-absorption band(s) of the pheophytin molecules associated 

with the PS II reaction centre is unclear. The steady state reduction of a pheophytin 

molecule in the reaction centre results in an absorption bleach with a maximum at 

682nm [Nanba & Satoh 1987] or 683nm [Barber & Melis 1990]. However, recent 

deconvolution studies have suggested that this bleaching is primarily caused by an 

electrochromic shift of a chlorophyll absorption band, and that the Qy.absorption band 

of the pheophytin peaks at approximately 674nm [van Kan et al. 1990, Braun et al. 

1990]. It is of course possible that the two pheophytin molecules associated with PS II 

reaction centres have different absorption maxima, although there is no evidence to 

support this possibility. 

The oxidation of the primary electron donor of PS II results in the bleaching of an 

absorption band peaking at approximately 680nm [van Gorkam et al. 1975, Telfer et al. 

1990, Satoh et al. 1990]. The position of this maximum varies by several nanometers 

between different studies [see Telfer et al. 1989], and a shoulder to this absorption 

band has been observed at 670nm [Telfer et al. 1990]. These experiments were 

generally conducted as steady state light-minus-dark measurements. 

The absorption difference spectrum of the primary radical pair state has been 

studied on the nanosecond and picosecond time scales in PS II reaction centres 

[Danielius et al. 1987, Takahashi et al. 1987, van Kan et al. 1990] and PS II core 

particles [Nujis et al. 1986, Schatz et al. 1987]. Apart from Takahashi et al., all these 

studies have focused on the absorption changes observed in the region of the Qy-

absorption bands of PS II. In this spectral region, the absorption difference spectra 
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attributed to the P680"^Ph state were all observed to peak at approximately 680nm. 

However, the spectra varied significantly between the studies on either side of this 

maximum. These variations can be attributed to: i) differences in analysis procedures 

(Schatz et al. were the only group to determine the spectra of separate kinetic 

components, the othCT studies simply plot the absorption changes observed at various 

time delays); ii) distortion of the spectra due to the presence of chlorophyll singlet states 

resulting from damaged reaction centres or over intense excitation; and iii) other 

differences between the PS II core and reaction centre preparations. Van Kan et al. 

conducted the only low temperature study, and observed a weak shoulder in the 

absorption difference spectrum at approximately 684nm, which they assigned to a weak 

excitonic absorption band of P680 (see also section 4.4.3). 

7.1.2 TRANSIENT ABSORPTION SPECTROSCOPY OF THE PRIMARY 

CHARGE SEPARATION. 

The formation of the primary radical pair state has been studied in PS II reaction 

centres by Wasielewski et al. [1989a &1989b]. Both studies used a spectrometer very 

similar to the PTA spectrometer described in section 2.4. The isolated reaction centres 

were excited with 500fs, 610nm laser pulses, and transient absorption spectra collected 

between 450nm and 850nm. Absorption transients were observed at several 

wavelengths across this spectral range. These transients had a lifetime of (2.6±0.6)ps at 

40c [Wasielewski et al. 1989a], this lifetime shortened to (1.4±0.2)ps at 15K 

[Wasielewski et al. 1989b], The transients were attributed to the primary charge 

separation process, and specifically to the decay of the singlet excited state of P680 

(P680*), and the formation of the radical pair state P680'''Ph'. In addition, at 15K the 

absorption bleach between 665nm and 680nm exhibited a partial recovery with 

wavelength dependent lifetimes of 25ps to >2(X)ps [Wasielewski et al. 1989b]. These 

wavelength dependent transients, which were not observed at 277K, were tentatively 

assigned to a slow energy transfer process. 

There are several reasons for suggesting that the conclusions of Wasielewski et al. 

require further verification. In particular, it is by no means obvious that the absorption 

difference spectra observed by Wasielewski et al. do indeed correspond to the states 

P680* and P680"^Ph". The Qy-absorption bleach which Wasielewski et al. assign to 

P680* was observed to peak at 674nm in their 40C study. However many other studies 

of the P680 triplet and cation states have observed that the Qy-absorption band of P680 

has a peak at approximately 680nm (see for example figure 4.5). The presence of 

stimulated emission in the P680* spectrum would be expected to red shift the peak to a 
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longer wavelength than 680nm, making Wasielewski's observation even more 

surprising. In addition the absorption difference spectrum which Wasielewski et al. 

assign to P680"'"Ph" is very different to that observed by Danielius et al. [1987] or van 

Nujis et al. [1986] between 450nm and 575nm for the same state. An explanation for 

these discrepancies will be proposed in section 7.3.3. 

7.1.3 HOLE BURNING SPECTROSCOPY OF PHOTOSYSTEM TWO. 

Hole burning studies of PS n have been much less conclusive than studies of the 

reaction centres of purple bacteria. Only two papers have been published [Jankowiak et 

al. 1989 and Tang et al. 1990], both by Small's group in the U.S.A.. As with all 

spectroscopic studies of PS II, interpretation of the observed holes is complicated by 

the unresolved overlap of the Qy-absorption bands of the various pigments. An 

introduction to spectral hole burning of photosynthetic reaction centres can be found in 

appendix 1 and section 6.3. 

Both transient and persistent holes were observed upon exciting into the Qy-

absorption bands between 660nm and 685nm. The transient (or 'photochemical') hole 

[Jankowiak et al. 1989] was assigned to formation of the 3P680 bottleneck state, which 

was expected to have a lifetime of several milliseconds at the sample temperature 

(4.2K). This transient hole was characterised by a weak ZPH and strong, apparently 

unstructured, phonon sidewings. The ZPH was only observed for bum wavelengths 

(Ag) near 680nm. The spectrum of this hole was observed to have similar features to 

the transient hole observed in reaction centres from Rps. viridis (attributed to the 

P960'*^Qy\" state, see section 6.3) [Johnson et al. 1990]. The spectrum of this transient 

hole was fitted to the model of Hayes et al. [1988] for arbitrarily strong linear electron-

phonon coupUng and site inhomogeneous broadening. Measurement of the width of the 

transient ZPH yielded a lifetime of (1.9±0.2)ps for the lowest vibrational level of the 

optically excited primary donor (P680*) [Jankowiak et al. 1989]. 

In addition to the transient hole observed above, a persistent (i.e. lifetime » 

milliseconds) hole was also observed [Jankowiak et al. 1989], characterised by a 

strong ZPH and weak phonon sidebands. The persistent ZPH was observed to be 

refilled on a time scale of minutes, presumably by thermally induced fluctuations in the 

protein matrix. This persistent hole has been further studied by Tang et al. [1990] using 

prolonged (20 minute) illumination from a cw laser to generate the hole. An intense 

ZPH hole was observed for all wavelengths between 666nm and 684nm, accompanied 

by weak phonon sidebands and the generation of a strong, broad satellite hole with its 

maximum at 681,6nm (the satellite hole was clearly resolved from the ZPH only for Xg 
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< 675nm). The spectrum was attributed to non-photochemical hole burning, as 

described in Appendix 1,2, and the satellite hole assigned to pheophytin pigments of 

PS n with their absorption maxima at 681.3nm. The broad nature of the satellite hole 

was attributed to a lack of correlation between the site energy distribution functions of 

the Qy-absorption bands of the pheophytin and accessory chlorophyll molecules (see 

section Al.3.3). Measurement of the width of the observed persistent ZPH's yielded 

lifetimes of 12ps and 30ps for the accessory chlorophyll and pheophytin singlet excited 

states respectively. 

Persistent holes have not been previously observed for unmodified BRC's, 

although I am not aware of any study in which there has been an explicit attempt to 

observe them. The long singlet state lifetimes calculated from the observed persistent 

ZPH's (12 ps and 30ps) were interpreted [Tang et al. 1990] as indicating that energy 

transfer from the accessory pigments to the special pair was three orders of magnitude 

slower in PS II reaction centres than in BRC's (at least at 4K). This is surprising given 

the strong overlap of the Qy-absorption bands in PS II and, if true, would complicate 

time resolved studies of the primary charge separation in PS H. 

It is possible that the satellite hole observed by Tang et al. was generated, at least in 

part, by the irreversible photobleaching of pigment molecules, caused by the prolonged 

exposure of the sample to the bum laser (2(X)mWcm"2 for 20 minutes). Illumination of 

PS II reaction centres at room temperatures has been observed to result in the bleaching 

of pigments with absorption maxima also at 680nm [Telfer et al. 1990], although I am 

not aware of any comparable low temperature photodamage experiments. If the reaction 

centres do undergo significant photodamage, then the observed long lifetimes for the 

Chi* and Pheo* states could be attributed to photodamaged reaction centres. 

Alternatively, the persistent holes may be attributable to the trapping of pheophytin 

anion states by the prolonged low temperature illumination. These objections to the 

results of Jankowiak, Tang and co-workers probably only applies to the persistent hole 

burning experiments, as the transient holes were generated by much lower bum 

intensities. 

In conclusion, Jankowiak et al. [1989] have observed transient hole burning spectra 

for PS II reaction centres, characterised by a weak ZPH and strong phonon sidebands, 

and similar to those previously observed for bacterial reaction centres. The lifetime of 

P680* (at 4.2K) was calculated to be 1.9ps. Tang et al. [1990] suggested that the rate 

of energy transfer between pigment molecules was approximately three orders of 

magnitude slower in PS II reaction centres compared to BRC's. 

7.2 MATERIALS AND METHODS. 
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Sample details are as described in section 3.1. Most experiments were carried out 

on isolated PS II reaction centres (RC-l's) suspended in buffer B under anaerobic 

conditions. Some early experiments described in section 7.3 used different isolation 

and/or resuspension conditions, as indicated in the text For experiments using the PTA 

spectrometer, the sample was placed in 10mm pathlength cuvette at 40C, and stirred 

using a small magnetic stirrer bar. With the FT A spectrometer, the sample was held in a 

spinning cuvette with a 2.5mm pathlength (see section 2.4.5.3 for details) at room 

temperature (210C). For all experiments the sample had an optical density of 

approximately 0.2 at the pump wavelength, and 0.8-1.0 at the maximum of its Qy-

absorption band. 

The state of the isolated PS 11 reaction centres was monitored during all experiments 

by noting the position of the Qy-absorption band maximum. If degradation occurs, or 

has occurred, there is a blue shift in this maximum from an optimum value of 675-

676nm (as discussed in section 3.3). 

Standards with well characterised photochemical properties were used to assist in 

the alignment of the spectrometers. Standards typically used were chlorophyll-a 

dissolved in ethanol or the laser dye oxazine 720 dissolved in water. 

The transient absorption data described in this chapter was obtained using either the 

PTA or FTA spectrometers at various stages in their development. Details of these 

spectrometers are given in section 2.4. The PTA spectrometer used 30pJ pulses at 

605nm to excite the sample and had a time resolution of approximately Ips (as 

measured by the 10% - 90% rise time of the absorption changes observed with 

chlorophyll-a). The probe pulses were attenuated and spectrally shaped by filters placed 

after the continuum generation cell, and absorption difference spectra obtained using the 

multichannel detector. The FTA spectrometer used excitation pulses of 0.5|iJ at 625nm, 

and had a time resolution of 150fs. Transient absorption changes were monitored by 

the single wavelength detection apparatus in order to obtain more kinetic as opposed to 

spectral information, as discussed in section 2.4.5.4. The detection wavelength was 

selected by a monochromator with a 2nm bandwidth positioned after the sample (see 

figure 2.9). Absorption changes were calculated using equations 2.9 and 2.10 as 

appropriate. 

Data Analysis. 

The interpretation of the data obtained with the FTA spectrometer has required 

considerable data analysis. The software used to conduct this analysis has been briefly 

described in section 2.4.5.5. The data was obtained as the absorption change observed 

at a single wavelengtii as a function of time delay, These data^vas tiien fitted to a sum of 

one or two exponentials plus a constant; 
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AOD = A + B lexp( t /T l ) + B2exp(t/T2) 7.1. 

where A, B1 and B2 are constants and T1 and T2 the lifetimes of the two 

components. In monoexponential fits, B2 was fixed at zero. 

Zero time delay, corresponding to the time delay when the pump and probe pulses 

were fully overlapped, was estimated from the grow-in of the initial absorption change 

for each data set The artifacts discussed in section 2.5 distorted the data for time delays 

less than 3(X)fs, and the data was therefore only fitted for time delays greater than this. 

A typical data set collected with the FTA spectrometer was in general not of a 

sufficiently high quality and broad time range for the fitting routine to obtain a unique 

and meaningful fit when all five parameters in equation 7.1 were allowed to vary. 

Therefore, most analyses were conducted after fixing one or more of the parameters at 

an arbitrary or pre-determined value. Analyses were conducted over a range of values 

of the fixed parameters in order to determine the degree of correlation between the 

parameters of interest and the fixed parameters. Data was collected on different time 

scales in order to gain information about different kinetic components, and when 

possible data collected on longer time scales was used to determine appropriate values 

for any fixed parameters when fitting data collected on faster time scales. The error 

margins quoted for the lifetimes and amplitudes of the kinetic components refer to the 

standard deviations yielded by the fitting program, unless otherwise stated. 

Where possible, data sets collected at different wavelengths were globally analysed. 

This involved analysing several data sets simultaneously, allowing the A and B factors 

to vary independently between data sets, but using the same value of T1 and T2 in all 

the data sets. The lifetimes and amplitudes obtained using global analysis can have 

higher precision relative to that obtained by analysing each data sets individually. 

However, the limitations of the global analysis software limited the applicability of this 

analysis routine. 

7.3 EXPERIMENTS USING THE PICOSECOND TRANSIENT 

ABSORPTION SPECTROMETER. 

7.3.1 INTRODUCTION. 

During the first two and half years of this Ph.D project, a large body of transient 

absorption data was collected using the PTA spectrometer to study the isolated PS II 

reaction centres. It was eventually concluded that the PTA spectrometer, even after the 
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improvements described in section 2.4.3, was unable to achieve an adequate signal to 

noise to allow the clear observation of primary charge separation process in the PS II 

reaction centre preparation. 

The data which led to this conclusion are described below. Other factors which 

supported this conclusion have been discussed in section 2.4.4, The data is presented 

in chronological order, and should be regarded as the start of a study which could take 

several years. 

7.3.2 RESULTS. 

7.3.2.1 Initial studies. 

Prior to the start of this Ph.D project, Dr's Giorgi and Klug had used the PTA 

spectrometer to observe absorption changes in a PS n reaction centre preparation. They 

tentatively attributed [Klug 1988] these absorption changes to primary charge 

separation with a lifetime of (l-5)ps, shorter than the 6ps time resolution of the 

spectrometer at that time. During the first year of this Ph.D project, the time resolution 

of the PTA spectrometer was improved to approximately Ips, as described in section 

2.4.3. Subsequent studies with this shorter time resolution determined that the 

absorption changes observed by Dr's Giorgi and Klug were attributable not to primary 

charge separation but were an artifact caused by group velocity dispersion of the probe 

pulses, as discussed in section 2.6.1. 

After taking into consideration the dispersion of the probe pulses, it was not 

possible to resolve any genuine trends in the absorption difference spectra obtained for 

time delays between Ips and 20ps. Three possibilities were considered as potential 

causes of this lack of observation of any transients attributable to primary charge 

separation: sample instability, time resolution of the apparatus and signal to noise. 

Initial experiments using the PTA spectrometer ware conducted upon isolated PS II 

reaction centre preparations which had not been stabilised by the measures discussed in 

section 3.2. At that time none of the assays of the state of the sample described in 

section 3.3 had been firmly established. 

Sections 3.2 and 3.3 have described the measures adopted during the second and 

third years of this Ph.D project with the aim of both improving the stability, and 

independently assaying the state, of the PS U reaction centre samples. Specifically the 

milder detergent dodecylmaltoside was used instead of Triton X-lOO during later stages 

of the isolation and resuspension procedures, and oxygen was excluded from the 

suspension. The state of the samples was assayed by both steady state absorption and 

time resolved fluorescence measurements, as described in section 3.3. 
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However, despite these improvements in sample stability, no reproducible 

absorption transients could be observed using the PTA spectrometer. Further 

expenments were carried out after to investigate whether the charge separation was 

occurring within the Ips time resolution of the spectrometer. The time resolution of the 

spectrometer was shortened to 300fs by the temporary replacement of the linear cavity 

dye laser with a CPM dye laser (see section 2.4.5.1). No reproducible absorption 

transients attributable to primary charge separation could be observed for time delays 

between 250fs and 16ps. 

7.3.2.2 Sample degradation induced by multi-photon absorption. 

At the end of 1989, improvements were made to the signal to noise achievable 

using the PTA spectrometer (see section 2.4.3.4). This allowed the collection of 

absorption difference spectra with a AOD noise level of less than ±0.005 after 

approximately five minutes of signal averaging. Figure 7.1 shows spectra obtained at a 

time delay 15ps immediately (solid line) and twenty minutes (dotted line) after the PS II 

reaction centre sample was placed in the spectrometer. The bleaching of the Soret 

absorption bands in the later spectrum can be observed to be broadened by additional 

bleaching centred at approximately 415nm. Some degree of broadening could be 

observed after six minutes in the spectrometer, and, if the sample was not stirred, the 

spectrum was clearly broadened after only two minutes (data not shown). This 

broadening did not reverse after incubation of the sample in the dark, and it was 

thCTefore attributed to some form of sample degradation. The nature of this degradation 

is unknown. 

The broadening occurred before there was an observable blue shift of the steady 

state Qy-absorption band, after twenty five minutes in the spectrometer the steady state 

absorption maximum had shifted by less than O.Snm. Under low intensity 

illumination, such a blue shift has been correlated with less than 5% loss of 

photochemical activity [Booth et al. 1991]. Similarly, in terms of the number of 

photons absorbed by the sample, this degradation occurred before a significant change 

in the fluorescence decay kinetics could be resolved, as induced by relatively low 

intensity illumination in the single photon counting apparatus. These observations 

suggest that this degradation is caused by a multi-photon process induced by absorption 

of the high intensity pump pulse, possibly in combination with absorption of the probe 

pulse, although there is no obvious mechanism for such a multi-photon degradation 

process. 

The broadening was greatly slowed by reducing the intensity of the pump and 
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FIGURE 7.1: 

The absorption difference spectra observed using the PTA spectrometer at a 15ps 

time delay following excitation at 605nm of isolated PS II reaction centres. The sample 

was suspended in Buffer A under anaerobic conditions at 40C. Spectra were obtained 

immediately (solid line) and 20 minutes (dotted line) after placing the sample in the 

spectrometer, each spectra is the average of 2400 flashes (five minutes in the 

spectrometer). Other experimental conditions given in section 7.2. 
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probe pulses, and resuspending the samples in Buffer B ('Dekker buffer', see section 

3.1.3) rather than buffer A. (see also section 7.3.2.3 below). Under these conditions 

relatively little broadening of the absorption difference spectrum was observed even 

after fifty minutes in the spectrometer. 

7.3.2.3 Multi-photon excitation of individual reaction centres. 

Transient absorption studies of the primary charge separation in purple bacteria 

have indicated that multiphoton excitation of individual reaction centres could generate 

artefactual absorption transients (as discussed in sections 6.2.1.1 and 6.5). The 

improvements in signal to noise and sample stability described in section 7.3.2.2 above 

allowed the measurement of a pump energy saturation curve as shown in figure 7.2. 

This figure shows a plot of the absorption change observed 430nm, and a time delay of 

15ps, as a function of pump energy. The absorption change begins to saturate for pump 

energies greater than 20% of maximum, corresponding to a peak absorption change of 

only 0.02. Therefore, if multi-photon absorption by individual reaction centres was to 

be avoided, the pump pulse had to be attenuated by a factor of five. 

The peak amplitude of the Soret band absorption bleach is approximately half that 

of the peak Qy-absorption band bleach at similar excitation intensities (data not shown). 

Therefore the maximum acceptable absorption change at the peak of the Qy-absorption 

band bleach is only 0.04±0.01 (the error margins reflect the difficulty in quantitatively 

comparing absorption changes in the red and blue spectral regions, as the pump and 

probe beams require realignment when moving from one spectral region to the other). 

This saturation behaviour is consistent with the extinction coefficient of 133,OOOM" 

1cm" 1 estimated in section 4.2.2.2 for the long wavelength absorption band of P680 

(determined fi-om the P680 triplet-minus-singlet absorption difference spectrum). The 

concentration of reaction centres samples used in the PTA spectrometer was 

approximately 1.7|iM (assuming 6 chlorophyll-a per reaction centre), and it follows, 

using this estimate for the extinction coefficient, that the total steady state P680 optical 

density at 680nm was 0.23+0.06, out of a total sample optical density at 680nm of 0.7. 

If the bleaching observed at 680nm is attributed solely to the bleaching of the long 

wavelength absorption band of P680, a peak absorption change of 0.04 would 

correspond to a (20±5)% probability of excitation of P680 per pulse. At this level of 

excitation, the probability of double excitation of reaction centi-es would be 4%, or one 

fifth of the total of excited reaction centres. This is a reasonable level at which to begin 

to observe the saturation effects observed in figure 7.2. 
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FIGURE 7.2: 

A plot of the absorption change observed following excitation of isolated PS II 

reaction centres as a function of pump energy. The absorption change was observed at 

(430±5)nm and a time delay of 15ps. The sample was suspended in buffer B, other 

experimental conditions were as in figure 7.1. A pump energy of 100 units corresponds 

to a pump intensity of (2±l)mJcm"2. Data shown collected on two samples upon 

different days, each point is the average of typically 800 flashes. 
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7.3.3 DISCUSSION. 

A major consideration during the later stages of the study described above was the 

results of Wasielewski et al. [1989a & 1989b, reviewed in section 7.1.1], describing 

two studies of the primary charge separation in PS n reaction centres. I indicated in 

section 6.1.1 that there are several apparent problems with the data of Wasielewski et 

al.. The results presented in section 7.3.2.3 indicate a possible explanation of some of 

the surprising features of the spectra observed by Wasielewski et al.. The pump 

intensity used by Wasielewski et al. was approximately twelve times greater than the 

intensity at which the absorption changes observed here begin to saturate. This 

suggests that under the conditions used by Wasielewski et al., a large proportion 

(approximately 70% using the approximations discussed in section 7.3.2.3) of excited 

reaction centres will absorb more than one photon per pump pulse. Consequently the 

spectra observed by Wasielewski et al. will include large contributions from reaction 

centres in which two or more chromophores have been excited, and will not represent 

the true absorption difference spectra of P680* or P680''"Ph". Indeed it is possible that 

the 3ps kinetic observed by Wasielewski et al. is associated not with primary charge 

separation, but with some energy transfer or exciton annihilation process. It has been 

shown with bacterial reaction centres that it is possible to generate artefactual absorption 

transients by using excessively intense excitation pulses (see section 6.2.1.1). 

For this reason, I have not attempted to repeat the conditions of Wasielewski et al.. 

Whilst increasing the pump intensity would have improved the signal to noise, any 

absorption transients observed under these conditions would have been difficult to 

assign and possibly artefactual in origin. 

Considerable progress has been made in maintaining the integrity of the isolated PS 

II reaction centres whilst conducting experiments using the PTA spectrometer. It 

appears that the reaction centres are particularly susceptible to photodamage by the high 

energy, ultrashort light pulses used in the PTA spectrometer, presumably as a 

consequence of multiphoton absorption by individual reaction centres. This 

photodamage occurs prior to any observable change in the steady state absorption 

spectrum. The nature of this rapid photodamage is unclear. 

The lack of observation of any absorption transients attributable to the primary 

charge separation suggests that differences between the absorption spectra of PS II 

reaction centres before and after charge separation are rather subtle, and smaller than the 

absorption changes observed to accompany primary charge separation in bacterial 

reaction centres (see figure 6.1 for example). This is unfortunate but not surprising 

given the much greater spectral overlap of the pigments of PS II reaction centres 
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compared to bacterial reaction centres. 

The pump energy saturation curve shown in figure 7.4 indicated that it was 

necessary to attenuate the excitation pulses in order to avoid multiphoton excitation of 

individual reaction centres. However, such an attenuation resulted in a significant 

reduction in signal to noise. At this stage study of the isolated PS 11 reaction centres 

with the PTA spectrometer was abandoned to allow development of the FTA 

spectrometer, as described in sections 2.4.4 and 2.4.5. 

7.4 EXPERIMENTS WITH THE FEMTOSECOND TRANSIENT 

ABSORPTION SPECTROMETER. 

7.4.1 RESULTS. 

7.4.1.1 Introduction. 

The results described in this section were collected using the single wavelength 

detection apparatus described in section 2.4.5.4. The advantages and disadvantages of 

this apparatus over the multichannel detection apparatus have been discussed in section 

2.4.5.4, and will be further discussed in section 8.1. A particular problem with the 

multichannel detector was that spectra obtained at small time delays were distorted by 

group velocity dispersion of the probe pulse (see section 2.5). 

The results and discussion in section 7.3.2.3 indicate that multiple excitation of 

individual reaction centres becomes significant when the peak Qy-band absorption 

change exceeds 0.04 (for similar sample steady state optical densities). The 0.5|iJ 

excitation pulses used in the FTA spectrometer resulted in a peak absorption change (at 

approximately 680nm) of 0.03. Therefore the data shown in this section are unlikely to 

be distorted by multiphoton excitations. In addition, the observed absorption change at 

680nm was consistent with the estimated density of photons absorbed by the sample 

per excitation pulse. The excitation intensity was (4±2) x 10^4 photons cm"^, yielding 

a (8+4) % excitation of reaction centres. This was predicted to result in an absorption 

change at 680nm of 0.02±0.01, consistent with that experimentally observed, using the 

approximation discussed in section 7.3.2.3 based upon the P680 triplet-minus-singlet 

extinction coefficient at 680nm of 133,OOOM"lcm"l. 

The spinning cuvette described in section 2.4.5.3 ensured that the excited volume 

of the sample was exchanged between excitation pulses. This prevented the build up of 

a steady state population of any long lived excited states, such as the P680 triplet state. 

However, the use of this sample holder prevented cooling of the sample, and all 

experiments were therefore conducted at room temperature (210C). Under these 
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conditions, the Qy-absorption maximum of the preparation was shifted to longer 

wavelengths by less than Inm after one hour in the spectrometer, corresponding to an 

estimated 5% loss of photochemical activity. Moreover there was no resolvable change 

in the observed absorption transiaits during the course of each experiment. 

The improved time resolution and signal to noise of the FTA spectrometer 

compared to the PTA spectrometer quickly allowed the observation of two distinct 

absorption transients, with lifetimes of approximately Ips and 18ps, following 

excitation of the isolated PS n reaction centres. Figures 7.3, 7.4 and 7.5 show typical 

data collected on time scales of 133fs and 667fs per channel (13,3ps and 66.7ps full 

scale respectively). The Ips transient is illustrated in figure 7.3a, which shows of the 

time resolved absorption changes observed at 690nm over a 13.3ps time range. The 

initial absorption change partially recovers in a few picoseconds to a smaller residual 

signal which decays only slightly on this time scale. The slow transient is illustrated in 

figure 7.4b, which shows a time scan of the absorption changes observed at 547nm 

over a 66.7ps time range. The initial positive absorption change decays over several 

tens of picoseconds almost to zero. 

7.4.1.2 The slow kinetic component. 

I will consider the slow kinetic component first This component can be observed at 

687nm and 547nm in figures 7.3b and 7.4b, where the time scale is 667fs per channel. 

Data on the same time scale was collected over the spectral range 520nm to 560nm. 

This data was globally analysed as the sum of a single exponential decay plus 

background, as discussed in section 7.2 yielding a lifetime of (18±2)ps for Tl. The 

quality of the data did not justify fitting the decays to the sum of two exponentials, and 

it is of course possible that the 18ps lifetime obtained here is the mean of more than one 

lifetime. Figure 7.6 shows the spectra of the absorption changes observed before (A + 

Bl) and after (A) the 18ps component (A and B1 are defined in equation 7.1, B2 was 

fixed to zero), and the spectrum of the component itself (Bl). Analysis of individual 

decays gave lifetimes between 15ps and 30ps, with no clear relationship between the 

lifetime and wavelength. 

The absorption difference spectra observed in figure 7.7 both have minima at 

(545±5)nm. This coincides with the position of the Q^-absorption peak of the 

pheophytin molecules in the reaction centre preparation (see section 7.1.1). This band 

will be bleached by the formation of either the anion radical or singlet excited states of a 

pheophytin molecule. This dip does not appear to be deepened by the process which 

causes the 18ps component, indicating that the total population of these excited 
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FIGURE 7.3: 

The kinetics of the absorption changes observed at a) 690nm and b) 687nm 

following excitation of PS II reaction centres at 625nm. The sample was suspended in 

the buffer B at21°C under anaerobic conditions. Data were collected over time scale of 

(a) 133fs or (b) 667fs per channel. The data sets are the average of (a) four and (b) 

eight minutes data collection. In (b) the rise time is limited by an electronic filter. The 

difference in the amplitude of the observed absorption changes in part reflects 

differences in pump intensity during the collection of the two data sets, which were 

collected on different samples on different days. Other experimental conditions are 

given in section 7.2. 
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FIGURE 7.4: 

The kinetics of the absorption changes observed at 547nm following excitation of 

isolated PS II reaction centres. The experimental conditions were as in figure 7.3, with 

data being collected on a time scale of (a) 133fs or (b) 667fs per channel. Each data set 

is the average of four minutes minutes data collection. 
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FIGURE 7.5: 

The kinetics of the absorption changes observed at (a) 820nm and (b) 808nm 

following excitation of isolated PS II reaction centres. The experimental conditions 

were as in figure 7.3, with data being collected on a time scale of (a) 133fs or (b) 667fs 

per channel. The data sets are the average of (a) twelve and (b) eight minutes data 

collection, and were collected on different samples. 
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pheophytin states is not increased by this kinetic process. The implications of this 

observation will be further discussed below. 

This 18ps kinetic component can most reasonably be assigned to slow (relative to 

the primary charge separation, see below) excitation energy transfer from accessory 

pigments molecules to the primary electron donor. This assignment, and other 

possibilities, will be discussed below. 

7.4.2.3 The fast kinetic component. 

The data used to study the 18ps component was collected on a time scale of 667fs 

per channel (66.7ps full scale). In order to characterise the Ips component observed in 

figure 7.3a, data was collected on faster time scales (3.3ps and 13.3ps full scale). 

The data shown in figure 7.3a werefitted to equation 7.1, after fixing one of the 

parameters B2 or T2, as discussed in section 7.2. This yielded a lifetime of 

(1.2±0.1)ps for the fast component (Tl), the error limits indicate the maximum 

variation in Tl induced by changing the value of either T2 or B2 (for values of T2 

between 18ps and nanoseconds, and values of B2 between zero and 7 x lO'^). Similar 

analysis of data collected at wavelengths between 687nm and 694nm, using different 

samples on different days, yielded an average lifetime of (1.15±0.2)ps for Tl. On this 

time scale (13.3ps full scale) it was not possible to determine the lifetime of T2 with 

any accuracy. When allowed to vary, the value of T2 was very sensitive to the value of 

the fixed parameter (B2), and varied between 30ps and several nanoseconds. 

Reasonable fits to the data were obtained when T2 was fixed at 18ps, although this 

lifetime was not obtained in free running analysis, possibly because of the time scale 

used was inappropriate for the study of this component. 

Data was collected between 655nm and 820nm on time scales on 3.3ps and 13.3ps 

full scale, using five different samples on two different days. It was not possible to 

subject the data to global analysis due to limitations in the global analysis package. Each 

data set was therefore fitted to the sum of a 1.2ps exponential decay and a longer lived 

component. The spectra of these two components shown in figure 7.7, where the error 

bars reflect the uncertainty in the spectrum caused by the uncertainty in the lifetime of 

any longer lifetime decay components. Spectra were obtained with the lifetime of the 

long lived decay fixed at either 30ps or infinity, and with A fixed to zero, the difference 

between the two spectra corresponds to the error bars shown in figure 7.7. As can be 

seen from figure 7.7, the uncertainty in the amplitude of the 1.2ps component (Bl) is 

greatest between 660nm and 685nm, where B2 is greatest. 

Figure 7.7 shows that the absorption difference spectrum of the 1.2ps component 
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FIGURE 7.6: 
The absorption difference spectra of transients observed between 520nm and 

560nm following excitation of isolated PS II reaction centres at 625nm. Spectra shown 

are the amplitudes of an 18ps decay component (closed cirlces, B1 in equation 7.1), the 

residual long lived absorption change (open circles. A) and the initial absorption change 

(crosses, the sum of A + Bl). Details of the analysis used to obtain these spectra are 

given in the main text, data was averaged for 5 minutes at each wavelength shown. 

Other experimental details were as in figure 7.3. 
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FIGURE 7.7; 

The absorption difference spectra of transients observed between 650nm and 

820nm following excitation of isolated PS 11 reaction centres at 625nm. Spectra shown 

are the amplitudes of a 1.2ps decay component (crosses) and the sum of all longer lived 

states (circles). Details of the analysis used to obtain these spectra are given in the main 

text, data was averaged for at least 4 minutes at each wavelength shown. Other 

experimental details were as in figure 7.3, 

193 



(Bl) peaks at (685±3)nm, whilst the spectrum of the all longer lived absorption 

changes (B2) peaks at (679±l)nm. The spectrum of 1.2ps component exhibits a 

negative optical density change at wavelengths where the sample has negligible 

absorption, and it therefore must be attributed, at least in part, to the decay of a 

stimulated emission band. Moreover, the spectrum of the 1.2ps component is, within 

experimental error, the same as the time resolved spectrum of fluorescence emitted by 

P680 determined from single photon counting measurements [Booth et al. 1991]. The 

Einstein coefficients for spontaneous and stimulated emission have the same spectral 

dependences, apart from a scaling of the stimulated emission spectrum, and 

therefore the fluorescence and stimulated emission bands of identical excited singlet 

states should have similar spectra. Therefore it is reasonable to assign the 1.2ps 

transient observed in figure 7.3a to the loss of the stimulated emission band of P680, 

caused by the loss of singlet excited state of P680 (P680*) following primary charge 

separation. This assignment is analogous to that made in studies of reaction centres of 

purple bacteria, where the loss of the stimulated emission band of the primary electron 

donor has also been observed to accompany the primary charge separation (see section 

6.2.1). 

A sample of the isolated PS II reaction centres was incubated in a buffer solution 

containing the detergent Triton X-100 until its Qy-absorption maximum had shifted to 

670nm. This treatment has bem shown to result in the loss of the ability of the reaction 

centres to achieve primary charge separation [Braun et al. 1990, Chapman et al. 1989]. 

When studied in the FT A spectrometer, the kinetics observed in figure 7.3a could not 

be observed; the absorption change at 690nm did not appear to decay over 13ps (data 

not shown). This observation supports the assignment of the 1.2ps kinetic to primary 

charge separation. 

No Ips transient components could be resolved in the infixed. This is illustrated at 

820nin in figure 7.5a, which shows a instrument response limited grow in at 820nm 

(faster than 300fs), possibly followed by a relatively small (less than 20% of the final 

amplitude) slower increase with a l-3ps lifetime. Both P680'^ and Ph' are known to 

have broad absorption bands around 820nm [Mathis & Setif 1981, Fujita et al. 1978]. 

However, it has been reported [Nujis et al. 1987] that the singlet excited state of 

chlorophyll also has a significant absorption at 820nm, and there is therefore no reason 

to expect an absorption transient at 820nm necessarily to be associated with the 

formation of the primary radical pair state or vice versa. 

Similarly, no Ips transient components could be resolved at 547nm (figure 7.4a). 

This wavelength corresponds to the peak of the pheophytin Q^-absorption band. The 

solid line is a fit to a single exponential decay plus a constant, with the lifetime fixed at 
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18ps as obtained by studies on a longer time scale (see above). A reasonable fit is 

obtained, indicating that the amplitude of any Ips decay component is smaller than the 

noise level of the dazay (a AOD of less than 3 x 10"^). 

All the transient absorption data presented here fits reasonably to equation 7.1 as the 

sum of two exponential components, with lifetimes of approximately Ips and 18ps, 

and a long lived absorption change. However, it must be realised that this is the 

simplest model which fits all of the data, and that the data is limited in the range of 

wavelengths and time scales used, and in signal to noise. Further data may well reveal 

additional complications such as further kinetic components [as observed in bacterial 

reaction centres by Holzapfel et al. 1989 &1990] or wavelength dependent kinetics [as 

observed by Kirmaier et al. 1990]. 

7.4.2 DISCUSSION. 

7.4.2.1 Assignment of the kinetic components: Energy transfer to P680? 

Optical excitation of the isolated PS II reaction centres results in a near unity 

quantum yield for the primary radical pair state (section 4.3). The 625nm excitation 

pulses used in the FTA spectrometer may excite any of the chlorophyll or pheophytin 

pigments bound to the PS II reaction centres. When one of the accessory pigments 

(i.e.: not the primary electron donor) is excited, this pigment must transfer its energy to 

the primary electron donor prior to primary charge separation. There are several 

arguments which favour the assignment of the 18ps kinetic component to the trapping 

of excitation energy by the primary electron donor. Some excitation energy is absorbed 

by accessory pigment molecules, and this energy is transferred to the primary electron 

donor with a rate of only (18ps)"l. 

The formation of chlorophyll singlet excited states results in a featureless positive 

absorption change between 520nm and 560nm [Shepanski & Anderson 1981, see also 

van Nujis et al. 1986]. The amplitude of this positive absorption change is 

approximately one thirteenth of the amplitude of the peak of the Qy-absorption band 

bleach [Shepanski & Anderson 1981]. The formation of the primary radical pair state 

results in a relatively small absorption change over this same spectral range [Danielius 

et al. 1987, van Nujis et al. 1986], less than one thirtieth of the peak of the Qy-

absorption band bleach. The spectra observed in figure 7.6 are therefore consistent with 

the 18ps kinetic component being associated with the decay of relatively long lived 

(compared to P680*) accessory chlorophyll and/or pheophytin singlet excited states. 

195 



Stimulated emission bands should in gaieral have the same extinction coefficient as 

the ground state bleach for fluorescent singlet excited states [see Klug 1988 for a 

discussion]. The peak in the spectrum of the 1.2ps component is approximately four 

times smaller in amplitude than the peak of the longer lived absorption changes (see 

figure 7.9). If this 1.2ps component is indeed the loss of P680 stimulated emission 

following primary charge separation, it follows that much of the initial Qy-absorption 

band bleach must be attributable to pigments other than P680. This is also consistent 

with the spectrum of the longer lived components (B2) shown in figure 7.7, which has 

a peak absorption change at (679+l)nm, rather bluer than the peak observed by other 

groups and assigned to the radical pair state (see section 7.1.1). These observations are 

therefore consistent with the suggestion that some excitation energy is not rapidly 

transferred to the primary electron donor state, but remains trapped on accessory 

pigments with a lifetime of approximately 18ps. This assignment is further supported 

by the results of hole burning spectroscopy [Tang et al. 1990, see section 7.1.3], 

which determined a lifetime of approximately 30ps"l for the singlet excited state of 

these pigments. 

The spectra shown in figure 7.6 indicate that there is no additional bleaching of the 

pheophytin Q^-absorption band at 545nm associated with the 18ps kinetic component. 

If it is assumed that the product state of the 18ps transient is the primary radical pair 

P680"''Ph", then this suggests that the precursor state to the 18ps transient must also 

involve an excited state of a pheophytin molecule. 

The data presented here is insufficient to establish conclusively the assignment of 

the 18ps component. It is possible that this component is associated with damaged 

reaction centres, although this is unlikely for the reasons discussed in sections 3.2, 3.3 

and 4.3. It is also possible that the process is associated with some form of electron 

transfer, or radical pair relaxation process. However, as discussed above the data is 

most easily interpreted as a slow energy transfer process, and further data is required to 

confirm this assignment, as discussed in section 7.5. 

7.4.2.2 Assignment of the absorption transients: Primary charge separation? 

It is clear fi-om figure 7.7 that the 1.2ps kinetic component is associated with the 

decay of a stimulated emission band. The similarity between the spectrum of this 

component and the time resolved fluorescence spectrum assigned to P680 [Booth et al. 

1991] suggests that this component is generated by the loss of the fluorescent excited 

singlet state of P680 (P680*). It is conceivable that this stimulated emission band could 

originate from another pigment molecule with a similarly red shifted fluorescence 

spectrum. 
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If the 1.2ps kinetic component is indeed associated with the loss of the P680* state, 

it would be reasonable to expect the observation of absorption changes associated with 

the formation of the resulting product state, presumably corresponding to primary 

charge separation to some form of radical pair state. In bacterial reaction centres the 

primary charge separation is accompanied by an electrochromic shift of the absorption 

bands of the monomeric chlorophyll, a bleaching of the pheophytin absorption bands, 

and the appearance of the absorption bands of the states P"*" and BPh" (section 6.1.2). 

No such absorption changes are resolved here for PS II, as is discussed above. This 

lack of observation may in part be attributed to complications arising from the slower 

(18ps) kinetics associated with relatively long lived singlet excited states of some 

accessory pigment molecules. In particular it is possible that the decay kinetics of these 

long lived singlet states may be more complex than the 18ps monoexponeitial transient 

resolved in figures 7.3b and 7.4b, including some component of only a few 

picoseconds. This could mask the 1.2ps component at many wavelengths. Even so, the 

lack of observation of the 1.2ps component over a broad spectral range remains 

surprising, and does suggest that the radical pair state formed after this 1.2ps transient 

has a close spectral resemblance to the P680* state itself. 

The spectrum of the 1.2ps kinetic component observed here is not similar to the 

spectrum of the 3ps kinetic component observed by Wasielewski et al. [1989a & 

1989b]. Indeed the spectra of the two kinetics appear to be different at all wavelengths 

studied and it must therefore be concluded that the two transients are associated with 

different kinetic processes. As has been suggested in section 7.3.3, Wasielewski et al. 

were probably using excessively intense excitation pulses, and the 3ps component may 

therefore be associated with some form of multiphoton process unconnected with 

primary charge separation. 

7.4.2.3. Comparison with the purple bacteria. 

There appear to be some pigment molecules associated with the isolated PS II 

reaction centres which, following optical excitation, are unable to transfer their 

excitation energy to the primary electron donor state with a rate faster than 18ps"l. This 

rate of energy transfer is much slower than the rate observed in bacterial reaction 

centres for enCTgy transfer from the accessory pigments to the special pair, where rates 

of 30fs"l to Ips'l have been observed (see section 6.2.1.1). A simple explanation is 

available for those who favour a close analogy between the PS II and bacterial reaction 

centres. The isolated PS II reaction centre contains two additional chlorophyll 

molecules relative to the isolated bacterial reaction centres, it is possible that these two 

chlorophylls are unable to transfo" their excitation energy to the primary electron donor 
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as fast as the other pigments, resulting in the 18ps transient. However, this suggestion 

clearly needs further verification. 

The rate of loss of the primary electron donor stimulated emission band seems to be 

almost three times faster in PS II than that observed in bacteria. In addition the rate 

observed here appears to be 40% faster than the lifetime of the P680* state determined 

by hole burning studies at 4.2K (see section 7,1.2). This implies that the primary 

charge separation in PS II may become slower as the temperature is lowered, in 

contrast to the temperature dependence observed in bacteria (see section 6.2.1,2). 

7.4.2.4 Summary. 

The data presented here clearly does not represent a comprehensive study of the 

picosecond transient absorption kinetics observed following excitation of isolated PS n 

reaction centres at 620nm. However, the data is sufficiently precise to resolve two 

distinct kinetic processes, with lifetimes of 18ps and 1.2ps. The former can be 

tentatively assigned to the decay of the singlet excited states of accessory pigment 

molecules which are unable to rapidly transfer excitation energy to the primary electron 

donor, whilst the latter is probably associated with the primary electron transfer 

process. It might have been possible to test these assignments by the collection of 

further data under the similar experimental conditions. However, it was concluded that 

the most useful approach to confirming these assignments was to change the excitation 

wavelength to 690nm, as is discussed below. 

7.5 FURTHER STUDIES: EXCITATION AT 690NM. 

Studies of reaction centres of purple bacteria have determined that energy transfer 

fi-om the accessory pigments to the primary electron donor is fast (up to 150fs) relative 

to primary charge separation (picoseconds) in this system. Direct excitation of the 

primary electron donor in bacterial reaction centres is necessary only when studying the 

details of the kinetics of the primary charge separation (see section 6,5), 

The study of PS n reaction centres described above was conducted using 625nm 

excitation pulses, resulting in the initial excitation of any of the porphyrin pigments 

bound to the PS II reaction centres. Analogy with reaction centres of purple bacteria 

suggested that, even when exciting at this wavelength, whilst at very early times (a few 

hundred femtoseconds) the transient absorption changes associated with the primary 

charge separation could be complicated by energy transfer processes, at longer times 

the energy would all have been trapped by the primary electron donor. However this 
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appears not to be the case. Energy transfo from at least some of the accessory pigments 

to the primary electron donor in PS II seems to be slow relative to primary charge 

separation, complicating the observed transient absorption kinetics and possibly 

masking some of the absorption changes associated with the primary charge separation. 

It was concluded that the unambiguous observation of absorption changes associated 

with the primary charge separation in PS II would only be possible if the primary 

electron donor was directly excited in a much highCT proportion of the reaction centres 

than could be achieved by exciting at 625nm. 

There is considerable overlap between the absorption spectra of the pigments bound 

to the PS n reaction centre, and it is therefore impossible to excite at a wavelength at 

which only the primary electron donor absorbs. It was decided to change the excitation 

wavelength to 690nm, as this wavelength was likely to provide the optimum 

discrimination between excitation of the primary electron donor and the accessory 

pigments. 

This part of the project is beyond the scope of this thesis, and will only be briefly 

discussed here. The 690nm excitation pulses were generated by selecting a portion of 

the continuum beam with a spectral bandpass filter, and amplifying this portion in a 

second 'bow tie' amplifier pumped by the 578nm output beam of the copper vapour 

laser. This allowed excitation of the sample with 150fs, 0.25jiJ pulses, with a spectral 

peak at 690nm and bandwidth (FWHM) of 20nm. The white light probe pulses were 

obtained by selecting a portion of the continuum beam prior to the bandpass filter. 

The transient absorption changes observed following excitation of the isolated PS II 

reaction centres with these 690nm pulses are currently being collected and analysed. 

Initial results indicate that the observed absorption changes are consistent with the 

assignments made above for the 18ps and l.lps kinetics observed following excitation 

at 625nm. A kinetic component can be observed following excitation at 690nm which 

has a similar lifetime and spectral dependence to the l.lps kinetic component observed 

in figures 7.3a and 7.7. However the amplitude of this kinetic component relative to the 

more long lived absorption changes is approximately twice as great when exciting at 

690nm compared to 625nm. In addition, whereas the spectrum of the longer lived 

(relative to the l.lps component) absorption changes peaks at (679±l)nm following 

excitation at 625nm (figure 7.7), the same spectrum peaks at (682±l)nm following 

excitation at 690nm. These observations are consistent with the suggestion that the 

625nm pulses excite accessory pigments with Qy-absorption maxima to the blue of 

680nm, in addition to direct excitation of P680, and that energy transfer from some or 

all of these pigments is slow relative to primary charge separation. 

Detailed analysis of the transient absorption kinetics observed on the time scale of 

133fs per channel (13.3ps full scale) in the region of Qy-absorption bands, following 
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excitation at 690nm, has resolved at least two kinetic components. Global analysis of 

this data to the sum of two exponential components yields lifetimes of the 

approximately 800fs and 3.5ps. The sum of the spectra of these two kinetic 

components is similar to the spectrum of the Lips component observed following 

excitation at 625nm, and it therefore is likely that the Lips lifetime determined for the 

fast kinetic component observed in figure 7,3a is the mean of two or more lifetimes. 

Complex absorption kinetics, associated with primary charge separation, have been 

observed in bacterial reaction caitres with similar lifetimes and attributed either to a two 

step primary charge separation [Holzapfel et al. 1989 &1990] or a distribution of 

electron transfer rates between reaction centres [Kirmaier & Holten 1990] (see sections 

6.2.3.4 and 6.2.4). The origin of the complex kinetics observed over the first few 

picoseconds for the PS n reaction centres is as yet unclear. 

The development of the FTA spectrometer which resulted in the generation of 

tunable excitation pulses is proving to have been an important advance. Much research 

remains to be conducted before the details of the primary charge separation in PS II are 

weU understood. However, we at last have the experimental apparatus which appears to 

be capable of achieving much of this task, and hopefully the collection of much more 

data over the coming months will enable us to answCT some of the key questions about 

this fascinating reaction. 

200 



CHAPTER EIGHT: CONCLUSIONS AND FUTURE 
STUDIES. 

8.1 APPARATUS DEVELOPMENT. 

The most time consuming elemait of this Ph.D project has been the construction of 

the two transient absorption spectrometers. This construction effort was an essential 

prerequisite to the studies of the PS n reaction centre described in this thesis. 

The microsecond transient absorption spectrometer allows the study of transient 

absorption changes with lifetimes ranging from a few nanoseconds to seconds. All of 

the initial aims related to construction of this spectrometer (as discussed in section 

2.3.1) have been achieved, namely a time resolution of less than 5ns, low noise levels, 

reliable, fast and simple operation and low cost. Since the studies described in this 

thesis were conducted, this spectrometer has been further improved by the linking of 

the data collection oscilloscope to a computer. This has allowed the detailed fitting of 

the transient absorption decays to exponential decay models, and has greatly improved 

the ability of the system to resolve relatively low amplitude decay components. The 

spectrometer is now used by several members of the Photochemistry and AFRC 

Photosynthesis research groups, furthering the studies of the PS II reaction centre 

described in this thesis, and allowing the study of PS n core preparations. 

The construction of the femtosecond transient absorption spectrometer was a 

considerable challenge, and could not have been achieved without the assistance of my 

colleagues. The spectrometer is proving to be a very powerful and versatile 

experimental system, particularly after the construction of the second bow tie amplifier 

discussed in section 7.5. The system was designed with the specific aim of studying 

the primary charge separation in PS n. However, the quality of the data yielded by the 

spectrometer must make it one of the most powerful tools presently available for 

studying the effect of ultrashort light pulses upon condensed matter in general, as 

illustrated by the possible observation of vibrational quantum beats in glass described in 

section 2.5.4. One further development of the spectrometer is currently under way, in 

which the single wavelength detector described in section 2.4.5.4 will be replaced with 

a multichannel detector able to take fuU advantage of the kilohertz repetition rate of the 

amplified pulses. This development wiU in principle allow the simultaneous collection 

of time resolved data at one hundred separate wavelengths, with the data collected at 

each wavelength having a similar signal to noise to the data shown in figures 7.3-7.5. 
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8.2 THE INTEGRITY OF ISOLATED PHOTOSYSTEM TWO 

REACTION CENTRES. 

Early studies of the isolated PS II reaction centres were greatly impeded by the 

lability of the PS 11 reaction centre preparation. This problem has been greatly reduced 

by the developments discussed in chapter three. The PS U reaction centre is unstable to 

illumination in vivo. This instability is a direct consequence of the unique 

photochemical properties of the PS II reaction centre, and of P680 in particular, as 

discussed in chapter 3, and it may therefore nevo" be possible to isolate a PS n reaction 

centre preparation which is entirely stable to illumination, without some judicious 

genetic engineering. 

It is now possible to isolate and resuspend reaction centres which are biochemically 

essentially pure, and photochemically highly active, with no more than 4% of the total 

chlorophylls present decoupled from primary charge separation and a quantum yield of 

the primary radical parr state of 1.1 ± 0.2. It has been established that monitoring the 

position of the Qy-absorption maximum of the preparation provides a quick and 

independent assay of the state of the isolated sample. Moreover, the isolated PS IT 

reaction centre preparation can now be isolated and resuspended in a manner tliat yields 

a sample which is quite stable enough for detailed time-resolved spectroscopic studies, 

as described in this tliesis. 

8.3 THE PHOTOCHEMISTRY OF THE ISOLATED PHOTOSYSTEM 

TWO REACTION CENTRES. 

Optical excitation of the isolated PS n reaction centres results in the formation of the 

primary radical pair state P680^Ph' with a near unity quantum yield. The formation of 

this radical pair has been studied with the femtosecond transient absorption 

spectrometer, using low intensity 150fs, 625nm excitation pulses. Absorption changes 

were resolved which were assigned to the loss of the stimulated emission band of the 

singlet excited state of P680. The decay of this P680 stimulated emission band was 

attributed to primary charge separation by analogy with studies of the primary charge 

separation in bacterial reaction centres, the decay had a lifetime of (1.2±0.2)ps. Slower 

picosecond absorption transients were also observed, and tentatively assigned to slow 

(relative to primary charge separation) singlet energy transfer from some accessory 

pigments to the primary electron donor state, with a mean lifetime of (18±2)ps. 

Charge recombination of the primary radical pair state occurs with complex kinetics 

over several tens of nanoseconds, resulting in a 33% quantum yield of a chlorophyll 

triplet state. It was established that this state resides upon P680, and is indeed formed 
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by charge recombination from the radical pair state. In the absence of oxygen, this 

P680 triplet state decays primarily with a 1ms lifetime, although approximately 10% of 

the P680 triplet states are quenched by energy transfer to a P-carotene triplet state. This 

energy transfer results in an approximately one to one equilibrium between the P680 

and P-carotaie triplet states, this equilibrium has a total quantum yield of approximately 

3% and decays with a lifetime of lips. Oxygen can quench the P680 triplet state, under 

atmospheric conditions the P680 triplet state lifetime shortens to 33jis. This oxygen 

quenching results in the formation of singlet oxygen, a highly oxidising species which 

causes the irreversible bleaching of the P680 absorption bands and the loss of primary 

charge separation activity. 

Addition of the quinone DBMIB to the preparation results in the formation of a 

chlorophyll cation state. This state decays with complex kinetics over microseconds to 

milliseconds and it was concluded that specific and homogeneous Qa function was not 

reconstituted. 

The triplet-minus-singlet absorption difference spectrum of the P680 triplet state 

supports the suggestion that the P680 is a pair of excitonically coupled chlorophyll 

molecules. The peak of the ground state Qy-absorption band of P680 was estimated to 

have an extinction coefficient of 133,OOOM"lcm"l. 

Quenching of the P680 triplet state by p-carotene affords some protection of the 

reaction centres to photodamage caused by singlet oxygen generation. It is unclear why 

the P-carotene present in this preparation is unable to quench the P680 triplet state in the 

majority of reaction centres. This inability may be a product of the isolation and 

resuspension of the PS 11 reaction centres, although reaction centres isolated by two 

different techniques appeared to have the similar triplet photochemistry. 

8.4 THE HOMOLOGY BETWEEN THE REACTION CENTRES OF 

PHOTOSYSTEM TWO AND PURPLE BACTERIA. 

Without doubt, there are considerable structural and functional homologies between 

the reaction centres of PS II and purple bacteria. The evidence for this homology was 

introduced in section 1.4.4, and specific aspects of this homology have been discussed 

in detail at various points throughout this thesis. This homology is broadly supported 

by the results presented in this thesis; the kinetic model of the electron and energy 

transfer pathways observed to be active in the isolated PS II reaction centres, as 

illustrated in figure 4.1, is very similar to models developed for the bacterial reaction 

centre. The results presented in this thesis have, however, revealed several specific 

differences between the primary photochemistry of the two isolated reaction centres. 
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The special pair triplet state is sufficiently energetic to generate singlet oxygen in PS 

II, but not in purple bacteria (at least in Rps. viridis and Rb. sphaeroides ). It is 

possible that this may contribute to the greater susceptibility of PS 11 to photodamage 

in vivo. There has been some controversy over whether the chlorophyll triplet state 

observed in PS n reaction centres resides upon P680, as supported by data presented in 

this thesis, or upon some other accessory chlorophyll molecule. Previous EPR data had 

suggested that this triplet state resided upon a chlorophyll molecule orientated 

perpendicularly to the special pair in bacterial reaction centres. However recent, more 

accurate, EPR data has indicated that the triplet resides upon a chlorophyll molecule 

with an orientation not greatly dissimilar to the bacterial special pair, thereby removing 

this source of controversy. 

The bandwidth of the Qy-absorption band of P680 (determined from the P680 

triplet-minus-singlet absorption difference spectrum) is less than half the bandwidth of 

the special pair in bacteria. In bacteria the broad bandwidth is attributed to a 

combination of inhomogeneous broadening and strong electron phonon coupling 

(section 6.3). The narrow bandwidth of the P680 absorption band is tentatively 

attributed in this thesis to exciton narrowing. 

Unlike in purple bacteria, the primary charge separation in PS II appears to be 

accompanied by relatively small changes in the transient absorption spectra. This can be 

attributed, at least in part, to the greater overlap of the absorption bands of the 

chromophores in PS II. The first step of the primary charge separation in PS II appears 

to be almost three times faster than that observed in bacteria, although the unambiguous 

assignment of the observed absorption kinetics to this process in PS II requires further 

confirmation. In addition, in PS 11 some reaction centre pigments appear to be at least 

an order of magnitude (and possibly three orders of magnitude) slower in transferring 

singlet excitation energy to the primary electron donor, compared to the rates of energy 

transfer observed in bacterial reaction centres. 

8.5 WHERE NOW? CURRENT AND FUTURE RESEARCH 

PROJECTS. 

This thesis has addressed several aspects of the primary photochemistry of PS II 

reaction centres. The study of the primary charge separation in PS II using the 

femtosecond transient absorption spectrometer, as described in chapter 7, has revealed 

exciting, but as yet inconclusive, results. This study is currently being continued, and it 

is hoped to submit a paper for publication very shortly. It is clearly essential to gain 

greater confidence in the assignment of the observed transient absorption kinetic 
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components. In addition, it is hoped that this study will reveal some information about 

the nature of the primary electron donor state prior to charge separation, and the 

reaction pathway. In the light of the considerable difficulties which have been 

encountered in the study of this reaction in bacterial reaction centres, it is likely that it 

will be some time before we have a complete understanding of the primary charge 

separation in PS n. However, it will hopefully be possible to learn much from the 

studies of the bacterial reaction centres, and avoid some of the problems which these 

studies have revealed, as discussed in chapter six. 

There are also aspects of the triplet state photochemistry of PS n reaction centres 

which need further study, particularly in relation to the interaction of the chlorophyll 

and carotenoid pigments bound to this reaction centre. In order to support the viability 

of the singlet oxygen damage mechanism as a possible mechanism of photodamage in 

vivo , it is important to establish whether the inability of the carotenoids present in the 

PS n reaction centres to quench the majority of P680 triplet states is also the case in 

larger PS n particles. 

The attempt at quinone reconstitution described in chapter 5 was only preliminary 

study. If quinone reconstitution is achieved, it could prove very powerful, for example 

allowing the study of secondary electron transfer in PS II using the femtosecond 

transient absorption spectrometer. Some progress has been made towards quinone 

reconstitution since the study described in this thesis, and it may be particularly useful 

to follow up the studies of Vass et al. [1989] which used lipids to enhance the quinone 

reconstitution. 

Another potentially useful approach will be to study larger PS n core preparations, 

building upon the experience gained from working with the relatively simple PS II 

reaction centre. The use of site directed mutagenesis to modify the PS II reaction centre 

is also likely to prove a very powerful technique. 

There are of course many other aspects of the structure and function of PS II which 

are as yet poorly understood. A specific aim of future studies of the isolated PS II 

reaction centre must be to further our understanding of P680, and it's ability to generate 

such a high oxidising potential. 

8.6 CONCLUDING REMARKS. 

Research into the primary photochemistry of photosynthesis is an exciting and fast 

moving field. Of all the photosystems, photosystem two is particularly interesting 

because of its ability to extract electrons from water, and because of its instability in 

vivo. During the course of this Ph.D project, many advances have been made in our 

understanding of the primary photochemistry of PS II, and its has been my privilege to 
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contribute to this research endeavor. 

I certainly feel that study of the isolated PS II reaction centre has come of age over 

the last couple of years. The problems which initially impeded study of this complex 

have now largely been overcome. Alongside study of the water splitting complex, 

which remains perhaps the greatest challenge of all for scientists studying PS n, further 

study of the isolated PS II reaction centre preparation is likely to continue to play a 

central role in developing our understanding of this remarkable biological complex. 
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APPENDIX 1: HOLE BURNING SPECTROSCOPY. 

Al.l INTRODUCTION. 

Hole burning (HB) spectroscopy is the frequency domain counterpart to ultrafast 

time-resolved transient spectroscopy. It allows the measurement of the lifetime of 

optically excited singlet states by observation of the linewidth of the appropriate 

homogeneous absorption bands. In addition, it allows an observation of the interaction 

of pigment molecules with their protein matrix, as described by the straigth and nature 

of their electron-phonon coupling. In principle, HB and ultrafast transient absorption 

spectroscopy yield complimentary results which can together further the understanding 

of the primary electron processes in photosynthesis. 

I am not aware of any recent review of the application of hole burning spectroscopy 

to photosynthetic reaction centres. This is unfortunate as there has been considerable 

controversy in recent years over the interpretation of hole burning studies of the 

primary photochemistry of bacterial reaction centres. The results and conclusions 

discussed in the main text (sections 6.3 and 7.1) are based entirely upon the work of a 

single research group, that of Small and co-workers from Iowa State University in the 

U.S.A.. In this appendix, I include a brief review of the hole burning studies of other 

research groups, and indicate why I consider the controversy to have been resolved in 

favour of the model of Small and co-workers. Prior to this review, I introduce the 

methodology and theory behind hole burning spectroscopy of photosynthetic systems. 

Much of this introduction uses descriptions of hole burning spectroscopy by Renger 

[1991] and Volker [1989]. It is based in part on the theory of hole burning 

spectroscopy in the presence of arbitrarily strong linear electron-phonon coupling and 

site inhomogeneous broadening developed by Hayes, Small and co-workers [Hayes & 

Small 1986, Hayes et al. 1988, Johnson et al. 1990]. 

A1.2 THE BASICS OF SPECTRAL HOLE BURNING. 

The essence of spectral hole burning is that the absorption spectrum of a pigment 

molecule embedded in a frozen protein matrix changes after the absorption of 

monochromatic light. Irradiation of the inhomogeneously broadened absorption band 

with a narrow-band "bum' laser, of wavelength Ag, can induce a sub-population of 

pigments which absorb resonantly with Ag to undergo a phototransformation such that 

the product absorbs at a different wavelength. This creates, or 'bums', a hole or dip in 
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the original absorption spectrum at Ag (see figure Al.l), The photoproduct may either 

be stable at low temperatures, termed persistent hole burning (PHB), or it may be a 

metastable state that acts as a population storage level, giving rise to transient hole 

burning (THE). The hole is then probed in a second step by monitoring the change in 

transmission of relatively low intensity tunable laser scanned over the spectral region of 

interest (or by using a white light probe and multichannel detection techniques). The 

hole represents, under certain conditions, a negative replica of the homogeneous 

spectral transition, and the holewidth yields the homogeneous linewidth 

^hom related to time domain processes by the equation 

rhom = (2'rt'l)-l + ('iT2)-l Al.l 

where T% is the lifetime of the optically excited state and T2 is the pure dephasing time 

determined by thermally induced fluctuations of the optical transition frequency. On 

extrapolation to zero temperature, T2 becomes much greater than T j and measurement 

of Fĵ om ̂ o w s the calculation of Tj. 

Hole burning experiments are carried out at liquid helium temperatures. This 

ensures that T^ « T2 and that the pigments are excited from their vibrational ground 

state. 

The chemical origin of PHB, which is observed on a time scale of seconds to 

minutes, is rather different to THE, which is observed over micro- or milliseconds. 

PHE, sometimes termed non-photochemical hole burning, arises from the slight 

structural rearrangement of the local protein environment of the sub-population of 

excited molecules caused by the excitation. Consequently, after relaxation back to the 

electronic ground state, the optical transition of this sub-population of molecules has 

been shifted slightly, resulting in the appearance of a non-photochemical hole in the 

absorption band (see figure Al.l) . This hole will be refilled over a time scale of 

seconds to minutes by thermal fluctuations in the protein matrix. For PHB, cw burn 

lasers are used with bum times of seconds to minutes. 

In THE, the hole is photochemical in nature. It arises from the excitation of a sub-

population of pigments to a metastable state which has a significantly different optical 

absorption spectrum. This metastable state is typically a long lived triplet or radical pair 

state. For THE the bum laser is pulsed, and the sample's transmission probed a fixed 

time delay after the bum pulse (usually micro- to milliseconds time delay). In order to 

interpret THE experiments, it is important to have some knowledge of the identity of 

the photochemical products formed on the time scale of the experiment 

It is also possible to have 'persistent' photochemical hole burning, where the 
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photoproduct 

FIGURE Al . l : 

Top: Diagram of an inhomogeneously broadened absorption band of width 

consisting of a superposition of individual electronic transitions of homogeneous width 

^hom-

Bottom: Laser induced hole burnt at a frequency Uj at low temperature. The 

photoproduct absorbs at a different wavelength [From Volker 1989]. 
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product of the photochemical reaction is stable over a long time period, in some cases 

for days if the sample is maintained at low tempCTature. 

A1.3 FACTORS INFLUENCING THE HOLE BURNING SPECTROSCOPY OF 

PHOTOSYNTHETIC PIGMENT / PROTEIN COMPLEXES. 

Al.3.1 The spectral properties of pigments in proteins. 

The absorption spectrum of chlorophyll in dilute solution is essentially dominated 

by So to Sn transitions and their vibrational sidebands. At the low temperature limit, 

where molecules in their electronic ground state are also in their vibrational ground 

state, and in the absence of coupling to vibrations, the linewidth of each optical 

transition should be its homogeneous linewidth 

The optical absorption spectra of pigment-protein complexes is determined not only 

by the properties of individual pigment molecules and their mutual interactions, but also 

by the interaction of the protein matrix with the pigments. In the visible region, 

electronic states of the pigments are uncoupled from those of the protein (whose 

electronic transitions are in the ultraviolet), but a coupling does occur with low energy 

(tens of cm"l) vibrational modes. These coupled low energy vibrations are generally 

assigned as protein rather than pigment modes, and are termed phonons. This 

phenomenon, where the optical excitation of an electron may be accompanied by the 

creation (or destruction) of a phonon, is termed electron-phonon coupling. 

Al.3.2 Electron-Phonon Coupling. 

The effect of this electron-phonon coupling upon the optical absorption spectrum 

can be understood by considering the simplest possible case. The following 

approximations are made: i) all the phonon modes of the protein are independent and 

can be described by parabolic potentials (the harmonic oscillator approximation), ii) the 

frequency of the phonon modes is independent of the electronic state of the pigment 

molecule (linear electron-phonon coupling) iii) prior to excitation only the lowest level 

of each phonon mode is occupied (the low temperature limit) and iv) all the pigment 

molecules are identical and in identical environments (no inhomogeneous broadening). 

Based on these approximations, the transition from the lowest vibrational level of the 

electronic ground state, ^Q(j)Q(0) into vibrational level v of a single phonon mode of 

the lowest electronically excited state of the pigment, ¥j(})j(v), is given by Fermi's 

golden rule: 
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Poo,lv = 2/h l<(|)i(v)|(|>o(0)>|2 KVi | H | y o > | 2 g (E i -Eo-hu ) A1.2 

where and are the electronic wavefunctions, with energies E% and Eq 

respectively, u is the frequency of the phonon mode, and (})i(v) and 4)q(0) are the 

vibrational wavefunctions.The linewidth of each individual transition is r^om, as 

defined in equation ALL 

Based on these considerations, the line shape due to electron-phonon coupling can 

be constructed by the superposition of the contributions of all the phonon modes, as 

shown in figure 6.8. Such a line shape assumes coupling to a continuous distribution 

of phonon modes with a mean frequency and a bandwidth AtOĵ  for the density of 

states of the distribution. The line shape is characterised by the sharp zero phonon hole 

(ZPH) line (the 0-0 transitions of all the phonon modes are additive at the same 

position) and the phonon side band. The total width of this lineshape is generally of the 

order of lOOcm"^. This is less than the separation between optical transitions 

corresponding to different electronic states of the pigment molecule. For example, for 

chlorophyll molecules, the Qy and Qx optical transitions would each be expected to 

have their own ZPH and corresponding phonon sidewing. 

The ratio of the area of the zero phonon hole compared to the total area of the band 

is termed a (the Debye-Waller factor) and is a measure of the strength of the electron-

phonon coupling. The strength of the electron-phonon coupling is often also quantified 

by its Huang-Rhys factor (S), defined by S = In (l/a(T=0)). For a single phonon 

mode, Wj ,̂ S corresponds to the number of phonon quanta that are excited in the 

maximum of the phonon side band. This maximum is more intense than the peak of the 

ZPH for moderately strong electron-phonon coupling (S > 1). It follows that, for S > 

1, the product 2Sw^ corresponds to the steady state Stokes shift between the 

fluorescence and absorption maxima. For S > 5, the electron phonon coupling is 

generally termed strong. 

Al.3.3 The effect of pigment site heterogeneity. 

If the protein matrix surrounding the pigment molecules under study were a perfect 

crystal, in which the microenvironment of each pigment molecule was the same, the 

electronic transition would be located at the same wavelength for all the pigment 

molecules, and therefore the ensemble would exhibit a well defined zero phonon line. 

However, for pigment molecules embedded in proteins this is generally not the case; 

the protein behaviour is more analogous to that observed for glasses or polymers. Each 
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FIGURE A1.2: 

Top left: the absorption lines resulting from coupling to three separate phonon 

modes, coj, CO2 and C03, assuming the system is initially in its vibrational ground state. 

The strength of each line is given by Poo,lv from equation A 1.2, is the frequency 

of the 0-0 transition. Each line has a width given by 

Top right: the superposition of the absorption lines for the three phonon modes, 

showing the resulting lineshape with its zero phonon hole and phonon si dewing. This 

lineshape is typical is typical of moderate electron-phonon couphng. 

Bottom: the superposition of the lineshapes of pigments in different 

microenvironments, showing how heterogeneous broadening results in the observed 

steady state absorption spectrum for the transition. (Note that this is plotted as a 

function of wavelength, not frequency). 
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protein has a slightly different conformation, resulting in slightly shifted electronic 

transitions for the many pigment molecules of the ensemble. This site heterogeneity 

gives rise to inhomogeneous line broadening, as illustrated in figures Al. l and A 1.2. 

The resulting inhomogeneous linewidth, Tj^^hom' be of the order of 100cm"! -

500cm" 1, and is genially much greater than the und^lying homogeneous linewidth of 

interest. The resultant distribution of zero phonon lines is sometimes termed the site 

excitation energy distribution function. In order to study the spectrum (i.e. the ZPH and 

the phonon sidebands) of a sub-population of pigment molecules in identical 

microenvironments (ie co-incident ZPH's), site selective spectroscopy is required. The 

type of site selective spectroscopy used most widely to study photosynthetic systems is 

spectral hole burning. 

Al.3.4 Contributions to the hole burning spectra. 

In understanding the spectral shape of holes burnt in photosynthetic systems, it is 

important to remember the effect of the electron-phonon coupling upon the lineshape of 

each optical transition of each pigment Each transition will have a zero phonon line and 

a phonon sideband, as illustrated in figure A 1.2. As different parts of this lineshape 

overlap at Ag for pigments with different microenvironments, the structure of the burnt 

hole comprises contributions from different origins; a) the sharp zero phonon hole at 

Xg, b) its corresponding phonon sideband at A < Xg, c) as the burning beam also hits 

the phonon side bands of pigments with zero phonon lines at wavelengths longer than 

Xg, the population of these pigments is also changed. 

The influence of pigment heterogeneity and electron-phonon coupling upon the 

spectrum of the observed hole are both interesting physical properties of the sample. In 

addition, the hole spectrum may be strongly influenced by the details of the 

experimental conditions, such as bum time and intensity, and sample temperature. For 

example, an over intense bum energy results in saturation of the bleaching of pigments 

with their zero phonon hole at Xg, and therefore an increasingly excessive contribution 

from bleaching of pigments with their absorption sidebands at Xg. This will result in an 

apparently broader ZPH, and may even prevent its observation. The true hole spectrum 

is generally only observed at the low bum energy (and low temperature) limit. These 

essentially artefactual considerations, whilst crucial when conducting hole burning 

experiments, will not be considered further here. 

A 1.4 HOLE BURNING SPECTROSCOPY OF THE REACTION CENTRES OF 

PURPLE BACTERIA. 
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The application of hole burning spectroscopy to bacterial reaction centres is a 

relatively recent development, compared to the application of ultrafast transient 

absorption studies. The first hole burning study of the primary donor of bacterial 

reaction centres was published in 1985 [Meech et al. 1985]. Moreover the theoretical 

model now used to interpret the observed holes was first outlined 1986 [Hayes & Small 

1986], published in detail in 1988 [Hayes et al. 1988], and further improved in 1990 

[Johnson et al. 1990]. 

Unless otherwise stated, all the experiments described below are carried out at 1-

4K, upon isolated bacterial reaction centres with no cytochrome activity. All are 

essentially transient hole burning experiments, with the metastable, or bottleneck, state 

being P^Q". The transient hole is burnt at wavelengths in the lowest energy absorption 

band of the special pair. 

The initial hole burning studies were carried out on the P870 and P960 absorption 

bands of reaction centres isolated from Rb. sphaeroides [Boxer et al. 1986a and Meech 

et al. 1985] and Hps. viridis [Boxer et al. 1986b and Meech et al. 1986]. All these 

experiments resulted in the observation of very broad (~ 400cm"^), featureless holes, 

only a little narrower than the steady state P870 and P960 absorption bands. No narrow 

ZPH was observed. The peak position of the hole was observed to be independent of 

bum wavelength for Rps. viridis [Boxer et al. 1986b] whilst a small variation was 

observed for Rb. sphaeroides [Boxer et al. 1986a]. 

The broad width of the observed hole was attributed by both groups primarily to a 

homogeneous lifetime broadening caused by an ultrafast (<200fs) relaxation of the 

optically excited special pair singlet state. There was some controversy as to the nature 

of this ultrafast relaxation process. Meech et al. suggested that the broad hole was 

generated by ultrafast relaxation to a 'dark' (ie: not radiatively coupled to the ground 

state) charge transfer state, and supported this model with photon echo experiments 

[Meech et al. 1986]. This model was also supported by computer simulations carried 

out by Won and Freisner [1988] which included quantitative estimates of a relatively 

small degree of vibrational and inhomogeneous broadening of the observed hole, and 

accurately simulated the bum wavelength dependence of the hole spectra published by 

Boxer et al. [1986a]. In contrast, Boxer et al. suggested that optically excited special 

pair state had a very different nuclear configuration to the ground state, as might be 

expected for an excited state with some initial, inherent charge transfer character, and 

that the ultrafast relaxation process was therefore a nuclear relaxation process. Both 

models, however, agreed, based on the observation of a broad hole with no narrow 

ZPH, that an ultrafast relaxation process (<200fs), probably involving a charge transfer 

state, preceded the primary charge separation step (~1.5ps) observed by transient 
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absorption studies. 

A very different model was proposed by Small and co-workers [Hayes & Small 

1986, Hayes et al. 1988]. This model (termed the HS model) was based on the concept 

that the broad width of the holes observed by Boxer et al. and Meech et al. was caused 

not by an ultrafast relaxation process but by strong electron-phonon coupling in the 

presence of significant site inhomogeneous broadening. As has been outlined above, 

strong electron-phonon coupling results in a relatively weak ZPH and large phonon 

sidewings. Moreover, observation of the ZPH will only be achieved for bum 

wavelengths over relatively narrow range (approximately the inhomogeneous 

linewidth) on low energy edge of the steady state absorption band. An objection to the 

HS model made by Won and Freisner [1988] relating to the predictions of the HS 

model about the steady state absorption spectra of P870 and P960, was subsequently 

withdrawn [Won & Freisner 1989]. An important difference between the HS model 

and the models of Meech, Boxer and Won and co-workers was that the HS model 

predicted that at an appropriate bum wavelength and high enough signal to noise, a 

narrow ZPH would be observed, whereas the other models predicted that no ZPH 

should be observable. A narrow ZPH was observed by Shuvalov et al., 1988, but only 

under conditions where BPh^, the primary electron acceptor, was prereduced, and they 

were therefore unable to clearly discriminate between the two models. 

However in 1988, Small and co-workers [Tang et al. 1988] succeeded in 

observing a narrow ZPH using transient hole buming of the P^Q" state in Hps. 

viridis . Subsequently a ZPH was also observed for Rb. sphaeroides , and the 

corresponding highly structured phonon sidewings fitted quantitatively to the 

predictions of the HS model [see Johnson et al. 1989 & 1990]. The narrow (and very 

weak) ZPH, and the structured phonon sidewings, were only observed for longer bum 

wavelengths than those used for any of the hole spectra published by Meech et al. or 

Boxer et al.. Meech et al. claimed to have obtained unpublished hole spectra over this 

long wavelength region, however given the small size of the ZPH and the narrow range 

of bum wavelengths over which it is observable [Tang et al. 1988, Johnson et al. 

1989], it is not surprising that they missed its observation. Moreover, Small and co-

workers conducted genuine THB experiments with a pulsed bum laser, whilst Meech et 

al. used a cw bum laser with a modulated intensity and this may have affected the 

observation of the holes. 

Subsequently, additional support for the HS model has been published. Lous and 

Hoff [1989] studied the temperature dependence of the P870 and P960 absorption 

bands, using zero field absorption detected magnetic resonance (ADMR) of the 3p870 

and 3p960 states. They observed that both absorption bands blue shifted and 
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broadened as the temperature was increased, and suggested that these observations 

were in agreement with the predictions of the HS model. 

In conclusion, the controversy over the interpretation of the holes burnt in the P870 

and P960 absorption bands of bacterial reaction centres appears to have ended in 1988 

in favour of the Hayes/Small model. This followed observation of a weak ZPH and 

structured phonon sidebands in the P960 and P870 absorption bands, when an 

appropriate bum wavelength was used. Subsequently Small and co-workers have 

published a number of papers improving their experimental results and upgrading their 

theoretical model [Johnson et al. 1989 & 1990]. The results of these two papers is 

reviewed in section 6.3.2, which focuses primarily on the relevance of these papers to 

the results of ultrafast transient absorption spectroscopy of the bacterial reaction 

centres. 
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