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Chapter 1

Introduction

In 1988, Johann Deisenhofer, Robert Huber and Hartmut Michel were awarded the Nobel price

in chemistry for the determination of the three-dimensional structure of a photosynthetic reac-

tion centre from the purple bacterium Rhodopseudomonas viridis [1]. In 1995 Richard Cogdell

and coworkers were the first to resolve the x-ray structure of the peripheral light-harvesting

2 complex from another purple bacterium called Rhodopseudomonas acidophila [2]. The

progress made in high-resolution structural studies of the photosynthetic unit of these bacte-

ria has strongly stimulated experimental and theoretical investigations to understand the fast

and efficient energy transfer and tunability of their spectral properties [3–10].

In purple bacteria the sunlight is absorbed by a network of antenna pigment proteins and sub-

sequently the excitation energy is efficiently transfered to the photochemical reaction centre

(RC) where a charge separation takes place providing the free energy for subsequent chemical

reactions. It is known that most of these bacteria contain two types of antenna complexes, the

central light-harvesting complex 1 (LH1) and the peripheral light-harvesting complex 2 (LH2)

[11]. LH1 and the RC are closely associated and form the so called core complex, whereas

LH2 is not in direct contact with the RC but transfers the energy to the RC via the LH1 com-

plex [12]. LH2 is known to comprise two distinct bacteriochlorophyll (BChl) a pigment pools

which are labelled B800 and B850, whereas the LH1 complex presumably comprises only one

1



2 Chapter 1: Introduction

pigment pool labelled B870. The denotations of the pigment assemblies correspond to their

room-temperature absorption maxima in the near infrared. Based on the homology between the

LH1 and LH2 proteins together with theoretical modelling a scheme of the arrangement within

a photosynthetic unit (PSU) has been proposed in which the core complex is surrounded by sev-

eral LH2 complexes in a two dimensional structure [13, 14]. However, despite the tremendous

progress in the field that has been achieved during the last decade important details, for example

the structure of the LH1-RC complex or the precise supramolecular organisation of the PSU,

are unknown and currently an issue of hot debate.

By now, it has been established that the spatial structure of photosynthetic complexes, especially

the mutual orientation of the pigments, determine to a large extent their spectroscopic features

and excited-state dynamics [15]. These assemblies of repeating non–covalently bound molecu-

lar units show intermediate features between an individual molecule and a crystal, which makes

them suitable model systems to study different types of intermolecular interactions in great de-

tail [16–23]. For the B870 system of LH1 and the B850 pool of LH2 the excited states can be

described in terms of delocalised Frenkel excitons whereas for the B800 molecules the excita-

tions can be treated in first approximation as being localised on an individual BChl a molecule

[24–29].

Generally, information about the parameters that determine the description of the electronic

structure of light-harvesting complexes can be obtained by optical spectroscopy. But even

isolated protein-pigment complexes of photosynthetic systems are rather complex, and it has

proven difficult to analyse the excited-state properties of these systems in all details. This is

mainly caused by a pronounced disorder, which masks details in the steady-state optical spectra,

even at low temperature. Therefore, in this thesis, the light-harvesting complexes from purple

bacteria were investigated by applying single-molecule spectroscopic techniques. The intrigu-

ing feature of this technique is that it allows to elucidate information that is commonly washed

out by ensemble averaging. Besides the possibility to circumvent spatial inhomogeneities it

allows also the observation of dynamical processes which are usually obscured by the lack of

synchronisation within an ensemble. A single molecule that undergoes a temporal development

between different states is at any time in a distinct, well defined state and the whole sequence

of steps can be studied. This allows in particular to identify short-lived intermediate states

that might be essential for the understanding of the process under study but which would be

completely masked otherwise.
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Such dynamical processes can be observed in light-harvesting complexes when looking at the

interaction of the chromophores with amino acid residues of proteins in their local environment.

Conformational fluctuations of the backbone residues are equivalent to rearrangements of their

atoms, and chromophores embedded in the protein experience those changes as fluctuations

in the local interactions and react with changes of their electronic energies. This makes them

suited to act as local probes for monitoring the dynamics of a protein and to test the validity of

the model describing protein dynamics and folding put forward by Frauenfelder and coworkers,

which proposes that the energy landscape of proteins is arranged in hierarchical tiers [30–33].

Since the beginnings of single-molecule spectroscopy in the late 1980s [34, 35] the field un-

derwent a breathtaking progress away from its cryogenic roots and especially the application

of single-molecule detection techniques under ambient conditions in biology and biochemistry

has led to a revolution in these disciplines (see for some examples [36–42]). However, the low

temperature approach allows to study single molecules over a very long observation period be-

cause photobleaching effects of the probe molecules, usually limiting the observation time to

some tens of seconds under ambient conditions, are negligible. This offers the opportunity to

determine the electronic eigenstates of an individual system, i.e., to perform single-molecule

spectroscopy rather than merely detection and to apply many experimental techniques from the

highly developed toolbox of spectroscopy also to single objects [43–48].

This thesis is organised as follows: in chapter 2 the photo-physical and biological properties of

the photosynthetic apparatus of purple bacteria are introduced. In chapter 3 sample preparation

and the single-molecule setup is described. In chapter 4 the B800 band of LH2 is studied,

and the pigment-pigment interaction, energetic disorder within and between complexes and the

dynamics in the energy landscape of the proteins in the binding pockets are discussed. In chapter

5 a pattern recognition approach is employed to gain information on spectral diffusion processes

in the B800 band as well as on the line shapes of the individual B800 absorption. Chapter 6 deals

with the delocalised Frenkel excitons in the B850 band and touches on the types of energetic

and structural disorder within the LH2 complex. The large structural heterogeneity of the core

complex (LH1-RC) is looked at in chapter 7 and possible pathways of protons leaving the RC

into the lipid phase of the membrane for further biochemical processing are discussed. Finally,

in chapter 8 the observation of energy transfer from LH2 to the core complex within a single

PSU is presented and the affinity of its building blocks is evaluated.
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Chapter 2

Light harvesting complexes

2.1 Photosynthesis

Living organisms are commonly divided into two groups. The first one comprises the so called

autotrophic organisms, which are capable of self-nourishment by using inorganic matter as the

main source of carbon. They obtain the energy for life processes from the oxidation of inorganic

elements (chemotrophic) or from radiant energy (phototrophic). The second group contains the

so called heterotrophic organisms, which are capable of deriving energy for life processes only

from the decomposition of organic compounds. They are unable to use inorganic compounds

as sole sources of energy or for organic synthesis [49, 50].

The process by which phototrophic organisms can produce organic substances from pure in-

organic compounds using electromagnetic radiation as energy source is called photosynthesis.

Nearly all organic matter on earth is formed by these photosynthetic processes and life on earth

would shortly come to a complete standstill if photosynthesis ceased to function.

In green plants carbon dioxide is reduced by water under the illumination with light finally

leading to the synthesis of glucose:

6 H2O + 6 CO2

hν−→ (CH2O)6 + 6 O2. (2.1)

5



6 Chapter 2: Light harvesting complexes

Here, the water molecule acts as electron donor and the carbon dioxide functions as electron

acceptor. Other electron donors (e.g., H2S) and acceptors (e.g., NO−
3 ,N2,H

+) also occur in

nature. For more details on the photosynthetic process see references [49, 50].

The primary steps of photosynthesis comprise the absorption of a photon by a photosynthetic

pigment such as a chlorophyll or carotenoid in a light-harvesting complex and the subsequent

transport to a so called reaction centre in which the energy is stored by means of a long lived

(>100 ms [51, 52]) charge separation which is necessary as the excited states of the pigments

decay very rapidly in less than a few nanoseconds. This charge separation is ultimately used for

the synthesis of even longer lived chemical storages such as the major energy source in biologi-

cal systems, adenosine triphosphate (ATP) or the major electron donor in reductive biosynthesis,

nicotinamide-adenine dinucleotide phosphate (NADPH) [53, 54].

Purple non-sulfur photosynthetic bacteria (i.e., Rhodospirillaceae) which were studied in this

thesis depend on organic hydrogen donors and are therefore, strictly speaking, not autotrophic

but photoorganotrophic. Following the primary steps of photosynthesis which take place in two

different light-harvesting (LH) complexes and the reaction centre (RC), these purple bacteria

feature a cyclic photoelectron transport leading to a proton gradient across the intracytoplasmic

membrane (i.e., the membrane in which their photosynthetic membrane complexes are located)

which is used for the synthesis of ATP [55].

In this section, the elements which constitute the photosynthetic membrane complexes as well

as their supramolecular organisation will be discussed.

2.1.1 Building blocks of the photosynthetic apparatus in purple

bacteria

Pyrroles and chlorophylls

Although n-heterocyclic pyrrole (Fig. 2.1A) is a very stable chemical molecule it does not exist

naturally as mono-, di- or trimer. Linear tetrapyrroles do occur but only cyclic tetrapyrroles, e.g.,

porphyrines or chlorophylls whose structures are based on the macrocyclic porphine system

(Fig. 2.1B) play a major role in living organisms [56]. The carbon atoms in these rings can

be labelled according to two different conventions of which the Fischer labelling system [57]
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Figure 2.1: Pyrroles in Photosynthesis. (A) n-heterocyclic pyrrole. (B) Porphine molecule consisting of four

pyrroles connected by methine bridges. (C) Bacteriochlorophyll a molecule based on a phorbine skeleton with side

groups and a central Mg-ion. The atoms are labelled according to the Fischer system [57]. The arrows indicate the

orientations of the Qx and Qy transition-dipole moments. (D) Absorption spectrum of BChl a in diethyl ether.

will be used throughout this thesis. The structural skeleton of chlorophyll (Chl) molecules

(from Greek �
���́��, green and �́�

���	, leaf) is phorbine, which has an extra isocyclic ring

(V) compared to porphine. Common features of the many existing different chlorophylls are a

central Mg-ion that can be used as a ligand binding site and a phytyl group at position 7 of the

ring system that serves as an anchor for the pigment in the protein environment. Chlorophylls

differ by the types of further side groups that are attached to the macrocycle [49, 53, 58].

Metal-free chlorophylls are known as pheophytins. The purple bacteria which are looked at

in this thesis all express the bacteriochlorophyll (BChl) a derivate whose structure is depicted

in Fig. 2.1C. The absorption spectrum in Fig. 2.1D displays three broad bands belonging to

electronically excited singlet states (Sx) which are the Soret bands (S4 / S3) at around 400 nm

and the Qx (S2) and Qy (S1) bands in the visible and near infrared, respectively [15, 59]. The

transition-dipole moments related to the latter two absorption bands are mutually orthogonal

and their orientation within the plane of the phorbine molecule is given in Fig. 2.1C.

Once the pigments are embedded in a protein environment as in the light-harvesting complexes,

their absorption maxima can be altered by more than 100 nm due to interactions with the pro-

teins as well as with neighbouring pigment molecules [15, 60]. In this way nature has the

possibility to fine-tune the absorption characteristics of the different organisms to match the

environment in which they live. Chlorophylls in green plants, for instance, will not absorb at

wavelengths longer than 680 nm, which corresponds to the amount of energy needed for water

oxidation. Purple bacteria do not need these high energies and their large red-shifted absorption
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allows them to live at the bottom of ponds, providing them with a niche that is not taken up by

plants or algae

Carotenoids

Another important class of photosynthetic pigments is formed by the carotenoids (Car) which

are basically linear molecules. They consist of a polyene chain with alternating single and

double bonds, the number of which can vary typically from eight to eleven between different

species of carotenoids [61]. In Fig. 2.2 lycopene is shown which is the major carotenoid in LH2

from Rhodospirillum molischianum. Carotenoids generally absorb in the visible around 350-

570 nm where chlorophylls do not absorb and transfer their excitation energy to neighbouring

chlorophylls thus increasing the spectral absorption cross section of the overall system. They

are responsible for the bright variety of colours in flowers and all other plants.

Figure 2.2: Structure of lycopene which is the major carotenoid molecule in LH2 from Rhodospirillum molischi-

anum.

Apart from light-harvesting they fulfil the more important role of protection against photo-

damage [62]. Excited chlorophyll has a small probability of inter-system crossing to triplet

states. Then, the triplet state can transfer its energy to oxygen, producing singlet excited oxy-

gen (3Chl∗ + 3O2 → 1Chl + 1O∗
2
) which is a highly reactive free radical that can damage the

organism. The carotenoids provide a solution for this problem as they quench the chlorophyll

triplet (3Chl∗ + 1Car → 1Chl + 3Car∗). The generated triplet excited state of the carotenoids is

lower in energy than that of singlet oxygen so that the danger is banned [63].

Carotenoids are also necessary to assure a correct assembly of the photosynthetic pigment-

protein complexes, as some pigments will not be properly incorporated in their absence [64].

The reaction centre and the antenna complexes

The photosynthetic apparatus in purple bacteria comprises several transmembrane protein and

pigment-protein complexes and is located in the intracytoplasmic membrane.
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In bacterial photosynthesis the radiation energy is commonly absorbed by bacteriochlorophyll

or carotenoid molecules but only few BChl molecules in the so called reaction centre of the

photosynthetic apparatus are photochemically active. The others, together with most of the

carotenoids, form pigment-protein complexes, so called light-harvesting antennas whose func-

tion is to capture the sunlight and to funnel the electronic excitation towards the RC.

Chlorophyll molecules absorb at a rate of about 10 Hz when they are exposed to bright sun-

light and about 0.1 Hz in dim light conditions. In contrast, the reaction centre has a “turn over”

rate of about 1000 Hz [49, 65, 66]. Therefore, the light-harvesting antenna help to increase the

efficiency of energy utilisation by about 2 orders of magnitude. In most purple bacteria the pho-

tosynthetic membranes contain two different photosynthetic membrane complexes (PMC): the

light-harvesting 1 (LH1) complex and the peripheral light-harvesting 2 (LH2) complex [11, 55].

Depending on the growth conditions of the bacterium some species express another peripheral

complex, LH3 [5], which is a spectroscopic variant of LH2. LH1 and the RC are closely associ-

ated and form the so called core complex (LH1-RC), whereas LH2 is not in direct contact with

the RC but transfers the energy via the LH1 complex to the RC [12, 49, 67, 68].

It was found that all light-harvesting complexes are constructed in a remarkably similar fash-

ion [58, 69]. The basic building block is a trans-membrane protein heterodimer (α- and β-

apoprotein) which non-covalently binds two (LH1) or three (LH2) BChl a pigments and one

or two carotenoid molecules. Several heterodimers form larger circular aggregates that consti-

tute the light-harvesting complexes. The size of the complexes differs for LH1 and LH2 and is

species dependent as will be discussed in more detail in the following section.

From this knowledge together with theoretical modelling a scheme of the arrangement of the

pigment-protein complexes has been proposed in which the core complex is surrounded by sev-

eral LH2 complexes in a two dimensional structure [11, 51, 67, 70]. A sketch of the supramolec-

ular arrangement of the photosynthetic unit (PSU) comprising the RC and both PMCs LH1 and

LH2 is shown in Fig. 2.3. Depending on the light intensity at which the cells are grown, the

size of the PSU varies from about 30 BChl molecules per RC (high-light) to 200-250 BChl

molecules per RC (low light) in Rhodobacter sphaeroides. As a fixed stoichiometry exists be-

tween the RC and LH1, only the number of LH2 and LH3 complexes is varied. Doing so, purple

bacteria are able to adjust their capacity for photon capture ensuring that each RC is kept well

supplied with excitation energy [11].
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RC

LH1

LH2

light

Figure 2.3: Sketch of the photosynthetic unit (PSU) of purple bacteria. It comprises the reaction centre (RC)

and two types of photosynthetic membrane complexes (PMCs): the light-harvesting 1 (LH1) and the peripheral

light-harvesting 2 (LH2) complex. LH1 and the RC are closely associated forming the core complex, whereas LH2

transfers the excitation energy to the RC via the LH1 complex as indicated by the arrows. The light bars indicate

the BChl a molecules which are held in place by the grey protein scaffold. Adapted from [70].

Interestingly, the pigments show a hierarchical arrangement where pigments absorbing at higher

energies are placed further away from the RC. It seems that the whole structure is highly opti-

mised to capture light energy and, depending on the illumination conditions, either to funnel the

excitation energy to the RC or to act as a reservoir to store the energy in order to avoid overex-

posure and damage of the RC. The different absorption energies of the accessory chromophores

also lead to the utilisation of a broader spectral range of the incident light. However, despite

the tremendous progress in the field that has been achieved during the last decade important

details, for example the structure of the LH1-RC complex or the supramolecular organisation

of the PSU, are unknown and currently an issue of hot debate [71].

2.1.2 The photosynthetic unit (PSU)

The peripheral light-harvesting 2 (LH2) complex

The structures of the LH2 complexes from Rhodopseudomonas (Rps.) acidophila [2, 4] and

Rhodospirillum (Rs.) molischianum [3] were determined by x-ray crystallography and that

from Rhodobacter (Rb.) sphaeroides by electron-microscopy [7]. Remarkably, all peripheral

LH complexes form circular oligomers of the two hydrophobic α- and β- apoproteins that non-

covalently bind three BChl a molecules and one or two carotenoids, featuring a nonameric (Rps.

acidophila, Rb. sphaeroides) or octameric (Rs. molischianum) quaternary protein structure.
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Figure 2.4: X-ray structure and absorption spectrum of the LH2 complex from Rs. molischianum. (A) The left

part displays the whole pigment-protein complex whereas in the right part only the BChl a molecules are drawn.

The upper part shows a side view, the lower part a top view. The pigments are arranged in two concentric rings

commonly termed B800 (light-grey) and B850 (black). The atomic coordinates were taken from the Protein Data

Bank, identification code 1LGH. (B) Absorption spectrum clearly featuring the B800 and B850 absorption bands

in the near infrared.

In the left part of Fig. 2.4A the structure of the LH2 pigment-protein complex of Rs. molischia-

num derived from x-ray crystallography with an resolution of 2.4 Å is shown as a whole whereas

in the right part only the BChl a molecules are depicted. Two rings of BChl a molecules can

be distinguished. One ring consists of eight repeating pairs of one α- and one β-bound pigment

which are oriented like the blades of a turbine. Due to its absorption in the near infrared at

around 850 nm this pool is termed B850 ring. The other ring consists of eight well-separated

pigments — each bound by a heterodimer — arranged in a C8 symmetry that have their molec-

ular planes perpendicular to the symmetry axis. It is labelled B800 ring as its maximum absorp-

tion occurs around 800 nm. In Fig. 2.4B the room temperature absorption spectrum is shown

in which the B800 and the B850 bands are clearly distinguishable. Upon excitation, energy

is transferred from the B800 to the B850 pigments in 1 to 2 ps [72–75] while energy transfer

among the B850 molecules is an order of magnitude faster [76–78]. The lowest excited state of

the B850 pigment pool has a relative long fluorescence lifetime of approximately 1 ns [79].
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The light-harvesting 1 (LH1) complex

For LH1 is has not been possible yet to obtain high-quality crystals and therefore the three-

dimensional arrangement of its subunits remains to be ascertained. Based on the homology

between the LH1 and LH2 proteins, the basic LH1 subunit is believed to contain only two

closely coupled BChl a molecules contributing to its absorption around 870 nm and presumably

one carotenoid [80]. In analogy to its absorption maximum the pigment pool is termed B875

band.

Analysing the number of pigments per RC showed that this number varies between 23 and 33

for different strains of purple bacteria [81–83]. These values are higher than the 16 or 18 pig-

ments that are present in the B850 rings of LH2 suggesting that the main difference between

LH2 and LH1 is the size of the ring. This assumption is strengthened by two different 2-D pro-

jection maps from electron-microscopy experiments on LH1 from Rb. sphaeroides [7] and LH1

reconstituted from αβ-dimers obtained by detergent treatment of native LH1 complexes from

Rs. rubrum [6], the latter is depicted in Fig. 2.5A. These experiments revealed a closed-ring

structure featuring C16 symmetry of the αβ-subunits which would be just large enough to in-

corporate a reaction centre [6, 11]. However, also non-circular structures of the LH1 complexes

were observed as can be seen from the electron density map of a special type of LH1 from Rb.

sphaeroides in Fig. 2.5B [8].

The room temperature absorption spectrum of LH1-RC complexes from Rb. sphaeroides is

shown in Fig. 2.5C.
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Figure 2.5: Structures of two LH1 complexes and typical absorption spectrum. (A) Projection map at 8.5 Å

resolution of reconstituted LH1 complexes from Rs. rubrum derived by electron microscopy, from [6]. A reaction

centre is schematically drawn inside the ring. (B) Projection map at 20 Å resolution of LH1-RC complexes from

Rb. sphaeroides, from [8]. (C) Absorption spectrum of LH1-RC complexes from Rb. sphaeroides.
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The reaction centre (RC)

The structures of the reaction centre from Rps. viridis [1] and Rb. sphaeroides [84] (the latter

is depicted in Fig. 2.6) are known at atomic resolution. The RC of Rb. sphaeroides comprises

four bacteriochlorophyll (BChl) a and two bacteriophytin (BPheo) a molecules, a carotenoid,

a menaquinone (QA), an ubiquinone (QB) and a non heme-iron all held in place by a protein

scaffold (not shown).

Cyclic electron transport inside and outside the PSU

The final goal of photosynthesis is the conversion of solar into chemical energy. This is achieved

by a cyclic electron transport which sets in after the light-harvesting and transport of excitation

energy to the reaction centre. The whole process of excitation and charge separation starting

from light absorption and finishing with an ATP molecule will be described briefly in the fol-

lowing (see also [29, 49, 51, 56, 85, 86]).

1© Upon the absorption of a photon by a BChl a or a carotenoid molecule in one of the pe-

ripheral antenna complexes the excitation energy is transferred within about 50 ps (B800

0.7 ps−→ B850
100 fs−→ B850

3 ps−→ B875
80 fs−→ B875

35 ps−→ RC) [12, 49, 54, 67, 68, 87] via neigh-

bouring complexes to the reaction centre, more precisely to the special pair (P) in the RC

PM

QB

QA

PL

BChlL

BPheoL

BPheoM

BChlM

3 ps

200 ps 100 µs

Fe

energy

antenna
complexes

cytoplasm

periplasm

cyt c2

bc1
complex

e-

2e-

e-

Q
B
H2

2H+

2H+

H+

H+

H+

Q
B

ATPase

ADP ATP

RC

m
e
m

b
ra

n
e

1

2 3 4

5

Figure 2.6: First steps in photosynthesis and subsequent cyclic electron transport [49, 51]. The atomic coordinates

of the RC from Rb. sphaeroides were taken from the Protein Data Bank, identifier 1PSS. For more details see text.
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which comprises two BChl a molecules, PL and PM. This process occurs with a quantum

efficiency of about 95%.

2© The relaxation of the excited P, which occurs in about 3 ps initiates a charge transfer to

the BPheoL resulting in an electron-hole pair P+BPheo−
L . The role of the BChlL in this

step is not completely clear. From here the electron is transferred to the menaquinone

QA in 200 ps and in the final step in about 100 µs to the ubiquinone QB which picks up

a proton from the cytoplasmic side to become QBH. This stepwise electron transfer leads

to a stable charge separation across the membrane as the back reaction leading to RC

relaxation is at least a factor of 104 slower than the forward reactions.

3© After two electron transfer steps, the reduced hydroquinone (QBH2) which is only loosely

bound to the RC leaves into the lipid phase of the membrane towards the ubiquinone-

cytochrome bc1 complex.

4© The bc1 complex oxidises the hydroquinone with help of the cytochrome c2 complex

and uses the exothermic reaction to establish a proton gradient across the membrane by

pumping the protons to the periplasmic side. The electrons are shuttled back to the special

pair in the RC by the cytochrome c2 complex and the quinone QB returns to the RC.

5© The proton gradient is needed to drive the synthesis of ATP from ADP by the ATPase

complex. With this last step, the conversion of solar energy into chemical energy that can

be used by the metabolic processes of the organism is finished.

2.2 Spectral properties of pigments

In general, the spectroscopic properties of pigment molecules depend strongly on their inter-

action with the local environment, i.e., the solvent or the protein scaffold as well as on their

interaction with neighbouring pigments. For bacteriochlorophyll a, for instance, the main ab-

sorption peak at room temperature is at 771 nm in diethyl ether but is shifted by up to 20 nm

in other solvents [88]. In a solvent each pigment experiences on average the same environ-

ment whereas pigment-protein complexes feature various binding sites. Pigments in different

sites experience different interactions with their specific protein environment and thus exhibit

varying spectral properties.
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But proteins are by no means rigid molecules and are better described as dynamic structures

[89, 90]. Consequently, pigments located in identical binding sites in different proteins do

not necessarily experience identical environments and even the environment of an individual

pigment will change in time due to motions of the surrounding proteins. This results in a static

and dynamic distribution of transition energies in an ensemble of pigment-protein complexes

leading to broad emission and absorption bands compared to single pigments.

In this section, the intrinsic electronic properties of Chl molecules, the interactions with their

protein environment as well as the coupling to neighbouring chlorophylls will be discussed.

2.2.1 The intrinsic electronic properties of chlorophylls

The electronic properties of (bacterio)chlorophylls are mainly determined by the conjugated π-

electron system in the bacteriochlorin ring and consist of three absorption bands all belonging

to singlet excited states (Fig. 2.1D). In Fig. 2.7 a schematic representation of the electronic

energy-level structure of a chlorophyll molecule is shown.
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energy transfer

Soret

inter system crossing, ISC

Figure 2.7: Jablonsky diagram of a chlorophyll molecule. S0, S1−4 and T1,n denote the ground state, the singlet

excited states and the triplet states, respectively. For each state several vibronic states (thin lines) are shown. The

thick arrows indicate transitions which involve the absorption or emission of a photon whereas the transitions

marked by the thin arrows occur non-radiatively.
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Absorption

If the laser is in resonance with an optically allowed transition, the molecule absorbs a photon

and will be excited from the ground state (S0) to an excited singlet state (S1−4). Both the Qx

and the Soret states are very short-lived with internal conversion (IC) to the Qy taking place in

about 100 fs [91, 92]. On the other hand, the Qy has a fluorescence lifetime of several nanosec-

onds after which the molecule relaxes to its ground state, under the emission of a fluorescence

photon. The behaviour, that the emission of light only takes place from the lowest electronic

excited state independent of the excitation process is called Kasha’s Rule [56, 93]. Some of the

emitted photons will undergo a so called Stokes-Shift and emit at longer wavelengths caused

by the decay of the molecule into vibrational and/or phonon modes of the electronic ground

state. Owing to the long lifetime of Qy almost all excitation transfer between Chls occurs via

interaction between Qy transition dipoles.

Apart from the singlet excited states, Chls also have a triplet system in which the lowest state

T1 lies well below Qy. From the excited Qy state the Chl can convert with a small probability to

T1 via inter system crossing (ISC). The triplet lifetime is on the order of micro- to milliseconds

during which the molecule can not absorb another photon. Thus the triplet state may act as a

bottleneck in the excitation-relaxation cycle. From the triplet state the molecule can either emit

a photon (phosphorescence) or decay non-radiatively to the ground state.

The probability for a molecule to absorb a photon is proportional to the absorption cross section

σ divided by the cross-sectional area of the focused laser beam A. For σ the following relations

holds [94]:

σ(T ) = CFCCDW(T )
τ2(T )

2τrad

λ2
0

2π
β(θ) (2.2)

where λ0 is the wavelength at the maximum of the absorption, τ2 the total dephasing time, T

the temperature, β(θ) a geometrical factor which accounts for the mutual orientation of the

transition-dipole moment and the exciting field and τrad = τ1/φf the radiative lifetime with

τ1 the excited-state lifetime and φf the fluorescence yield. CFC stands for the Franck-Condon

factor of the 0–0 transition, i.e., a pure electronic transition from the vibronic ground state of the

electronically excited state to the vibronic ground state of the electronic ground state. Within

the Born-Oppenheimer approximation in which it is assumed that only the electrons and not the
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nucleus are moving during a transition, the Franck-Condon factor denotes the effects of vibronic

coupling and describes the distribution of oscillator strength over the vibrational sidebands of

the transitions. CDW denotes the Debye-Waller factor which gives the ratio of the intensity

of the emission from a pure electronic excited state and the intensity of all vibrational bands

connected to this state.

Emission

Using the Jablonsky diagram, rate equations can be derived and the emission rate R(I) of the

fluorescence of a molecule can be described by [95]

R(I) = R∞

(
I/IS

1 + I/IS

)

, with R∞ =
(φf + φT )kf

2 +
(

kISC

kT

) =
φf

τ1

(
2 + τT φT

τ1

) (2.3)

where kf = φf/τ1 denotes the fluorescence rate with φf the fluorescence quantum yield and

τ1 the excited-state lifetime. kISC = φT /τ1 stands for the inter system crossing rate with φT =

kISC/(kf + kISC) the triplet yield and kT = 1/τT for the triplet rate with the triplet lifetime

τT . The emission saturates at high excitation intensities and ultimately becomes R∞. For

BChl a in light-harvesting complexes a rapid energy transfer with close to 100% efficiency

occurs from the triplet excited BChl a to the carotenoid molecules which reduces the lifetime

of the BChl a triplet state by two orders of magnitude [96, 97] thereby protecting it against

photodamage. However, as the carotenoid triplet state is known to be a very efficient trap for

singlet excitations in LH complexes [77, 98] the triplet lifetime of the carotenoids has to be

taken into account in Eq. 2.3. For LH2 at low temperature with a fluorescence lifetime (τ1) of

about 1.25 ns [79], a fluorescence yield (φf ) of 10–14% [79], a triplet yield (φT ) of 2–15% [99]

and a carotenoid triplet lifetime (τT ) of 3–15 µs [100] this gives a maximum emission rate (R∞)

of several 100 000 counts per second [24, 101, 102].

2.2.2 Pigment-protein interaction

The homogeneous linewidth, zero-phonon line and phonon side-band

Without any interaction the absorption line shape of a pure electronic transition (e.g., S1 → S0)

would be Lorentzian and its width (Γhom = 1/2πτ1) would be completely determined by its
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Figure 2.8: Schematic representation of the fluorescence-excitation spectrum of a single molecule at low temper-

ature comprising a narrow zero-phonon line (ZPL) and a broad, blue shifted phonon side-band (PSB). ωm denotes

the mean phonon frequency.

excited state lifetime τ1. However, the interaction of the probe molecule with its surrounding

causes frequency fluctuations δν of the absorption whose contributions to the optical line shape

depend on the timescale δt of the fluctuations.

In the following only fast fluctuations δν δt < 1 such as the coupling of the vibrational motions

of the proteins (i.e., phonons) to the electronic transitions of the pigment will be considered. In

the case of quadratic electron-phonon coupling [95, 103, 104] these fast fluctuations contribute

to a dephasing of the optical transitions within the pure dephasing time τ ∗
2 . This leads to a

temperature dependent homogeneous broadening of the absorption line by phonon scattering

Γhom(T ) =
1

πτ2(T )
=

1

2πτ1

+
1

πτ ∗
2 (T )

. (2.4)

in which τ2 denotes the total dephasing time and T the temperature. This line is called zero-

phonon line (ZPL) since no net creation or destruction of phonons or other low-frequency exci-

tations takes place. For a linear electron-phonon coupling [95, 103, 104], the homogeneous ab-

sorption and emission spectra will also show a contribution due to the simultaneous electronic

transition of the pigment and a phonon transition of the protein which is called the phonon

side-band (PSB) and is typically separated several 10 cm-1 from the maximum of the ZPL as

displayed in Fig. 2.8 [95].

The relative intensity of the zero-phonon line (IZPL) compared to overall spectrum, i.e., the sum

of IZPL and IPSB is described by the Debye-Waller factor mentioned before
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CDW =
IZPL

IZPL + IPSB

= exp(−S(T )) (2.5)

which depends exponentially on the temperature T according to the Huang-Rhys factor S(T )

[105].

Inhomogeneous broadening and spectral diffusion

The interaction strength between a chromophore and a molecule in its surrounding will follow

a distance dependence of R-n with n ranging from about 3–12. Fluctuations in the local en-

vironment of the chromophore are represented by distance changes to neighbouring molecules

resulting in fluctuations of the absorption frequency of the chromophore.

In contrast to dephasing processes caused by fast fluctuations which lead to homogeneous broad-

ening of the absorption line, these slow fluctuations δν δt > 1 of the environment — such as

structural changes of the proteins — cause spectral diffusion represented by gradual spectral

drifts or abrupt jumps of the absorption frequency which results in an inhomogeneously broad-

ened absorption. In principle for a spectrally diffusing line the individual frequency jumps could

be observed with a sufficiently fast and sensitive detection system.

The best way to follow temporal changes in the local environment of a pigment is by looking

at a two-dimensional representation of sequentially taken spectra stacked on top of each other

as shown schematically for a single molecule in the identical upper parts of the panels (i)–(iv)

in Fig. 2.9. In each scan the molecule absorbs at one specific wavelength as indicated by the

black dots and spectral fluctuations of the absorption wavelength of the molecule show up as

diffusing “trails” [106] in the time versus wavelength diagram.

For the molecule in this example the absorption wavelength fluctuates between six different

values on a fast tf (small jumps) and a slow Tf (large jumps) timescale. In an experiment in

which the detection window of the measurement ranges from the fastest timescale tm (temporal

resolution of the detection) to the slowest timescale Tm (time duration of the experiment) the

following situations depending on the timescales of the fluctuations and the measurement can

be distinguished [44]:

(i) Tf � tm All fluctuations occur on a faster timescale than the shortest detection window.
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Figure 2.9: Sketch of the spectral diffusion of a molecule featuring two timescales tf < TF together with the

spectra obtained from four different hypothetical measurements (i)–(iv). In the upper part in each panel the same

sequence of consecutively taken spectra is stacked on top of each other whereby the spectral position of the fluo-

rescence is indicated by the black dots. The detection time scales of the four measurements (tm fastest detection

in black, Tm total detection time in grey) are indicated by the solid lines in the panels. The spectra obtained for the

four classes are displayed in the lower part of the frames in which the arrows indicate temporal fluctuating spectra.

All molecules would therefore look identical and their spectrum would represent the en-

semble spectrum. The system would appear homogeneous and static.

(ii) tf � tm � Tf � Tm Only slow fluctuations of the system will be detected. Individual

molecules would appear statistically equal but their parameters would seem to fluctuate.

The system would appear homogeneous, but fluctuating.

(iii) tf � Tm � Tf The fastest fluctuations can be detected whereas the slower ones are

frozen out and are not detectable within the timescale of the measurement. Different

molecules sample different parameter spaces which makes the system appear inhomoge-

neous and fluctuating.

(iv) Tm � tf All fluctuations are slower than the largest detection window. No fluctuations

are observed and all molecules look different from each other. The system therefore

appears to be inhomogeneous and static.

The spectra of the single molecule that are recorded in a measurements for the four cases de-
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scribed above are shown in the lower parts of the panels in Fig. 2.9 in which arrows above some

of the absorptions indicate fluctuating spectra. The detection time scales of the measurement

(fastest detection tm in black and total detection time Tm in grey) are indicated by the lengths

of the solid lines on the left in the upper panels. It is obvious that different measurement time

windows result in different information that can be obtained from the molecule.

2.2.3 Pigment-pigment interaction

Bacteriochlorophylls do not only interact with their protein and solvent environment but also

with neighbouring pigments. The most significant interaction is the Coulomb interaction Vij

between two chromophores i and j which can be described by

Vij =
1

4πεε0

∑ qiqj

rij

, (2.6)

where ε is the dielectric constant of the medium, ε0 the electric permittivity of free space and

rij the relative distance between electronic or nuclear charges qi and qj on the chromophores.

It can be decomposed into the classic Coulomb interaction between the electrons and nuclei

and the quantum theoretical exchange interaction caused by the fact that electrons are indistin-

guishable from each other. If the pigments are not permanently charged and if their relative

distance is large compared to their size, the classic Coulombic interactions are much larger than

the exchange interactions and the interaction energy can be approximated by the dipole-dipole

term in the multipole expansion of the Coulomb interaction [15, 56]

V
(D)
ij =

1

4πεε0

µ2

r3
ij

κij, κij =
1

µ2

[

(~µi · ~µj) − 3
(~µi ·~rij) (~µj ·~rij)

r2
ij

]

. (2.7)

Here, ~µ is the transition-dipole moment which is a transient dipolar polarisation created by

an interaction of electromagnetic radiation with a molecule and describes, to first order, the

collective behaviour of all charges of the pigment. The distance between the transition dipoles

~µi and ~µj is given by ~rij , whereas the orientation factor κij covers the mutual orientations

of the transition-dipoles by means of normalised vectors. For the B850 ring of LH2 from

bacterial photosynthetic light-harvesting complexes the validity of this approximation may be

questioned since the distance between pigments is rather small. Therefore, other approaches

have been taken as well including the spatial distribution of the transition dipole moment [107,
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108], including further multipole terms of the coulomb interaction [109] or taking the exchange

interaction into account [110, 111].

Hamilton operator: diagonal and off-diagonal disorder, types of interaction

In the approximation that the structure of the electronic states of each molecule can be described

by a two level system the Hamilton operator that describes the electronically excited states of

an assembly of N B800 or B850 BChl a molecules can be written as [20, 22, 112–114]

H =
N∑

n=1

E0 |n〉 〈n|
︸ ︷︷ ︸

energy

+
N∑

n=1

V0 [|n〉 〈n + 1| + H.c.]

︸ ︷︷ ︸
interaction

. (2.8)

Here E0 denotes the average excited state energy of an individual pigment, V0 the average

nearest-neighbour interaction and H.c. stands for the Hermitian conjugate of the preceding term.

If energetic and structural disorder are present in the system, the situation changes. The ener-

getic disorder is characterised by diagonal terms in the Hamiltonian δEn which denote the de-

viation of the excited state energy of pigment n from the average E0 and are usually described

by a Gaussian distribution with a width of ∆. The structural disorder comprises distance and

orientational changes and is therefore reflected by modulations in the interaction energy char-

acterised by off-diagonal terms in the Hamiltonian δVn. Taking this into account, the Hamilton

operator reads [112]

H =
N∑

n=1

(E0 + δEn) |n〉 〈n|
︸ ︷︷ ︸

energy

+
N∑

n=1

(V0 + δVn) [|n〉 〈n + 1| + H.c.]

︸ ︷︷ ︸
interaction

. (2.9)

Two limiting cases can be distinguished for the description of the electronically excited states

of such a molecular aggregate. In the limit V/∆ � 1 the description of the excited states of the

aggregate in terms of excitations localised on the individual molecules is a good approximation.

For V/∆ � 1 the electronically excited states of the aggregate are described more appropriately

as excitations that are coherently delocalised over the molecules.

The B800 and B850 pigment pools of LH2 are representatives of the two types of interaction

strengths. The BChl a molecules in the B800 ring feature an interaction energy of about 20 cm-1

[12, 54, 107] whereas the disorder ∆ ≈ 280 cm-1 and the average difference in site energy
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ranges from 10 – 40 cm-1 (see chapter 4). The excitation of the weakly to intermediately coupled

chromophores in the B800 ring will therefore be mainly localised on individual chromophores.

In contrast, the BChl a molecules in the B850 pool of LH2 feature an interaction energy of

about 250 cm-1 and a disorder with ∆ ≈ 250 cm-1 (see chapter 6). This strong coupling suggests

that excitations in the B850 band will be coherently distributed over at least a part of the ring

[20, 77, 79, 107, 115].

Pigment-pigment interaction, a dimer model

The most simple example to illustrate the types of interaction between pigments is that of a

dimer consisting of two chromophores “1” and “2” as depicted in Fig. 2.10A. It is assumed that

the chromophores have a different excited state energy E1 > E2 with δ = E1 − E2 and an

interaction energy V . Note the difference between the width of the distribution of site energies

∆ and the difference in site energy of neighbouring pigments δ. For the resulting energies and

eigenstates of the coupled system denoted by “+” and “-” one finds

E± =
1

2
(E1 + E2) ±

1

2

√
δ2 + 4V 2 (2.10)

and

|Ψ+〉 = cos
θ

2
|1〉 + sin

θ

2
|2〉 (2.11)

|Ψ−〉 = − sin
θ

2
|1〉 + cos

θ

2
|2〉,

where tan θ = 2V
δ

and |i〉 denotes the excited state localised on molecule i. From the two

eigenstates one finds for the transition-dipole moments

~µ+ = ~µ1 cos
θ

2
+ ~µ2 sin

θ

2
(2.12)

~µ− = −~µ1 sin
θ

2
+ ~µ2 cos

θ

2
,

where ~µi denotes the transition-dipole moment of an individual chromophore.
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Figure 2.10: Dimeric model of pigment-pigment interaction. (A) Energy diagram of two uncoupled molecules,

i.e., V = 0 (lower part) together with the orientations of their transition-dipole moments (upper part). (B) Energy

diagrams of a coupled dimer for different ratios of interaction strength V over the energetic difference δ between

the excited state energies (lower part) together with the orientations of the transition-dipole moments belonging to

the coupled states. For more details see text.

Weak interaction, localised excitations

As the interaction energy between the chromophores is increased the splitting of the excited

state energies becomes larger and the orientation of the transition-dipole moments changes as is

depicted in Fig. 2.10B. Two limiting cases of the dipolar interaction can be distinguished, that of

weak and strong coupling. In the case of V � δ < ∆ the coupling between the chromophores

will be very weak (left scheme in Fig. 2.10B) and their excited state energies and transition-

dipole moments will be similar to the uncoupled case of V = 0 in Fig. 2.10A. As a result the

excited state wave functions are still mainly localised on the individual chromophores.

In most cases the transfer mechanism between the B800 chromophores has been considered as

a Förster type of energy transfer from one donor pigment (D) to the acceptor (A) for which the

rate of energy transfer can be written as [116, 117]

k(D)→(A) = 8.79 × 10-5J
κ2φ

(D)
f

n4τ
(D)
1 R6

=
1

τ
(D)
1

(
R0

R

)6

, (2.13)

with the energy overlap integral

J =
∫

λ
ε(A)(λ)f (D)(λ)λ4dλ. (2.14)
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Here, φ
(D)
f denotes the fluorescence quantum yield of the donor, τ

(D)
1 the excited state lifetime

of the donor with the donor fluorescence rate k
(D)
f = φ

(D)
f /τ

(D)
1 , n the refractive index of the

medium, R the distance between donor and acceptor, ε(A) the molecular extinction coefficient

of the acceptor, f (D) the normalised emission spectrum of the donor and λ the wavelength of

light. The Förster radius R0 is the distance at which the efficiency of the energy transport is

50%, i.e., half of the donor molecules decay radiatively and half of them transfer their energy

to the acceptor. The Förster type of energy transfer that occurs in the weak interaction regime

is often referred to as hopping or incoherent energy transfer.

However, the narrow absorption lines are distributed throughout the complete B800 inhomo-

geneously broadened ensemble absorption and it can be concluded that the spectral overlap of

neighbouring B800 pigments is very small (chapter 4). In addition, the rate constants obtained

from this model are much slower than the experimental energy transfer rates [72]. Generally the

Förster type description is too simple and that other mechanisms (electron-phonon coupling, site

energy disorder, carotenoid interaction, etc.) must be taken into account for the energy transfer

within the B800 band and from the B800 to the B850 band [75, 118–120].

Strong interaction, Frenkel excitons

The other extreme case, in which V � ∆ > δ holds, is characterised by a very strong excitonic

coupling is depicted in the right scheme in Fig. 2.10B [15]. The new eigenfunctions that are

given as combinations of the eigenfunctions of the individual chromophores (Eq. 2.11) are delo-

calised over the pigments and are called Frenkel-excitons [107, 121, 122]. The dipole moments

belonging to the new transitions are orthogonally oriented and the oscillator strength of the two

exciton levels is determined by the mutual orientation of the transition-dipole moments of the

uncoupled chromophores. In an almost perfect head to tail arrangement as is shown in Fig.

2.10A the oscillator strength will be concentrated in the energetically lowest transition. The

total spectrum is no longer the sum of the uncoupled chromophore spectra but consists of new

absorptions that are separated by a distance 2V .

Eigenstates of the B850 pigment pool

In the case of the strongly coupled B850 band diagonalisation of the Hamilton operator (Eq.

2.8) leads to the eigenstates, so called the Frenkel excitons [112]
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Figure 2.11: Energy diagram of the strongly coupled B850 pigment pool. (A) Energy diagram for the case of

no interaction (V = 0) between the pigments and no disorder (∆ = 0). (B) Situation for the case of interacting

pigments (V > 0) but no energetic nor structural heterogeneity (∆ = 0). (C) Exciton states for the case of

interacting pigments (V > 0) that feature energetic and/or structural disorder ∆ > 0). The size of the grey circles

reflects the oscillator strength of the transition-dipole moments and the arrows indicate their orientation.

|k〉 =
1√
N

N∑

n=1

ei2πk n

N |n〉 , (2.15)

which are completely delocalised over the whole ring [25]. In contrast to the energy diagram

for the uncoupled molecules (Fig. 2.11A) the energy scheme for the strongly coupled system

comprises a lowest excited state k = 0, eight pairwise degenerate states k = ±1 . . . ± 4 and

k = ±5 . . . ± 8 and on top a single state k = 9 for the example of the B850 ring of LH2 from

Rps. acidophila in which N = 18 [112]. However, only the exciton states k = ±1, which

are mutually orthogonal polarised carry significant oscillator strength as for the other states the

linear combinations of the individual transition-dipole moments cancel out resulting in a zero

net transition dipole moment [112]. The energy scheme for the lowest exciton states is depicted

in Fig. 2.11B in which the oscillator strength is indicated by the grey circles.

If energetic and structural disorder are present as described by the Hamiltonian in Eq. 2.9 the

degeneracy of the exciton states is lifted and oscillator strength is redistributed from the k = ±1

states to neighbouring levels as is depicted in Fig. 2.11C [29, 112].

As the emission from the energetically lowest exciton state k = 0 is optically forbidden, it has

a fluorescence lifetime of about a nanosecond [79].



Chapter 3

Materials and methods

3.1 Line narrowing techniques at low temperatures

In the previous chapter it was shown that the static and dynamic distribution of transition ener-

gies in an ensemble of pigment-protein complexes due to pigment-protein and pigment-pigment

interactions leads to inhomogeneously broadened emission and absorption bands as opposed to

the homogeneous absorption and emission lines of single pigments. By looking at the absorp-

tion spectrum of LH2 in Fig. 2.4B no significant difference can be seen between the B800 and

the B850 band although their electronic properties and coupling mechanisms are totally dif-

ferent. To uncover the parameters determining the homogeneous linewidth from the ensemble

bands, special methods can be applied that fall into two categories: those that operate in the fre-

quency domain such as persistent or transient spectral hole-burning as well as single-molecule

spectroscopy and those that operate in the time domain such as photon-echo experiments.

3.1.1 Spectral hole-burning

To overcome the limitations of inhomogeneous broadening spectral hole-burning spectroscopy

(SHB) [105, 123–126] can be applied which involves the excitation of a group of chromophores

27
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within the sample that absorb within a small wavelength region in the ensemble absorption band.

If the decay to the ground state of this group is either blocked (persistent SHB) or delayed

(transient SHB) a “spectral hole” appears in the ensemble-absorption spectrum. This process is

called hole-burning. However, spectral diffusion processes cause fluctuations in the absorption

wavelengths of pigments. Some pigments which have absorbed at a wavelength outside the

excitation region prior to the hole-burning process will change their absorption wavelength to a

value within the excitation region. Therefore, spectral diffusion processes will lead again to an

absorption at the spectral position of the hole. The filling process of the hole can be followed

by consecutively taking absorption spectra of the sample, a process called reading of the hole.

Thus, in SHB experiments information about the homogeneous linewidth which is related to

the width of the hole as well as information about spectral diffusion processes can be obtained.

However, SHB still performs averaging over a subensemble. The group of chromophores burnt

does not necessarily represent a structural homogeneous entity but their specific absorption

wavelength can have many different causes. Also time averaging during the time between

burning and reading the hole limits the information about dynamical processes.

3.1.2 Photon-echo measurements

The photon-echo experiment [124, 127, 128] involves the coherent excitation of the sample with

a short laser pulse resulting in a well-defined phase relationship between the oscillating electric

dipoles of the excited molecules. At room temperatures this phase relationship is rapidly de-

stroyed by thermally induced scattering processes. However, at low temperatures the scattering

is significantly reduced and the temporal development of the relative phases is well-defined even

in an inhomogeneously broadened system and despite the variations in resonance frequencies.

This temporal development can be reversed by applying a second pulse after a suitable time de-

lay τd after which the rephasing of the oscillators proceeds at the same speed as the dephasing

before. Thus, the coherent superposition is restored another τd after the second pulse which

gives rise to an intense burst of coherent radiation, which is known as the photon-echo [127].

The intensity of the two-pulse photon-echo I2PE ∝ e−4τd/τ2 decays exponentially with increas-

ing time delay and depends on the overall dephasing time τ2. Thus the homogeneous linewidth

(Γhom = 1/πτ2) can be obtained by measuring the photon-echo intensity as a function of the

time delay between the first and second laser pulse [127].
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In two-pulse photon-echo experiments, time averaging can be considered as being absent, since

the experiment performs the fastest linewidth measurement that is available [125]. However,

due to the spectrally broad laser pulse many molecules within the heterogeneous broadened

absorption line will be excited at the same time and ensemble averaging still takes place [127].

3.1.3 Single-molecule spectroscopy

In single-molecule experiments [44–46, 124, 129, 130] the ensemble averaging is completely

eliminated. An individual molecule or pigment-protein complex residing in one and only one

conformation can be studied. SHB and PE methods can derive information of the homogeneous

linewidths of molecules and the rates of spectral diffusion processes. But only using single-

molecule spectroscopy (SMS) information on the number of absorption lines that a molecule

features and their relative intensities can be obtained. Spectral diffusion processes can not

only be monitored in time but also in frequency space because it is possible to determine the

spectral jump of an absorption since one can be sure that the absorption appearing at a different

wavelength still belongs to the same molecule.

However, information can not only be gained about the properties of the molecules but also

about their environment by using them as local probes. From the static part of the frequency

shifts, information about the conformation of (matrix) molecules around the probe molecule

or about proteins in the binding pocket of a chromophore can be obtained whereas from the

time dependent part details about the couplings and characteristic times of the motions in the

surrounding of the probe can be gained [45]. Studying these dynamics, time averaging has to

be taken into account in single-molecule spectroscopy as sufficient photons have to be collected

for an appropriate signal-to-noise ratio. However at low temperatures most dynamical processes

are slowed down considerably making the time averaging less an issue [12, 52, 131, 132].

3.2 This thesis: single molecule spectroscopy

The purpose of this thesis is to study the static and dynamic properties of pigment-protein and

pigment-pigment interactions in photosynthetic light-harvesting complexes. The number of

absorption lines of a single complex, their spectral position and their homogeneous linewidths

give information about the electronic structure of the different pigment pools and the type of
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coupling within as well as about spectral diffusion processes caused by changes in the local

environment of the pigments, for instance, due to protein motion. However, even at room

temperature the absorptions of single molecules are generally so broad that they would overlap

due to homogeneous line broadening. This broadening can be reduced by studying the samples

at low temperatures, reducing the dephasing processes [44, 95, 133].

Therefore low-temperature single-molecule spectroscopy was chosen as experimental technique

since it is the only method free from ensemble averaging that can distinguish whether absorp-

tions belong to the same or to different molecules. Furthermore, photobleaching processes are

strongly reduced at low temperatures allowing to study the complexes for a much longer time

than at room temperature. Single pigments in these pigment-protein complexes are excellent

candidates for probing the temporal fluctuations in their local environment which are normally

hidden in the ensemble spectrum. Although SMS is not free from time averaging, the prob-

lem of temporal resolution is lessened by decreasing the temperatures. At low temperatures the

dynamics are slowed down and the linewidths of the absorptions are narrowed.

The question may arise about the relevance of cryogenic single-molecule spectroscopy. But

at low temperatures very valuable relevant information about the structure and the energy

landscape of the molecules studied is still available whereas the dynamics is slowed down

to observable time scales. Furthermore, insights into basic interactions and processes of the

molecules studied can certainly provide guidance for the interpretation of more complicated

room-temperature observations [45, 46].

3.2.1 Prerequisites for single molecule spectroscopy

To obtain as large a signal as possible from a single molecule a number of conditions should be

fulfilled: a large absorption cross section, high photostability, short radiative lifetime to ensure

a high excitation turnover, low transfer probability into dark states such as triplet states, an

operation below the saturation of the molecular absorption and a high fluorescence quantum

yield.

Looking at the absorption cross section as defined in Eq. 2.2 τ2, CFC and CDW should be as

large as possible. At sufficiently low temperatures (T < 2 K) most phonon modes are not pop-

ulated which means that τ ∗
2 becomes extremely long and therefore τ2 equals 2τ1 [95] (see also
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Eq. 2.4). In addition, electron phonon coupling is weak and the Debye-Waller factor becomes

large [44, 105]. For the zero-phonon line of an aromatic molecule the linewidth Γhom decreases

from ∼ 1000 cm-1 at room temperature to ∼ 10-3 cm-1 at cryogenic temperatures and is orders

of magnitude smaller than that of a typical phonon side band (several 10 cm-1) [95, 133]. Taking

into account the higher Debye-Waller factor as well, the peak absorption cross section reaches

up to 106 Å2 at T < 2 K, 5 orders of magnitude larger than at room temperature and correspond-

ing to about 100 000 times the molecular size [95]. As the lifetime of vibronic levels of large

molecules in a matrix is very short (picoseconds) their vibronic ZPLs are very broad compared

to those of pure electronic ZPLs (lifetimes of nanoseconds). Therefore in low temperature sin-

gle molecule excitation spectroscopy experiments only the pure electronic ZPLs show up and

their narrow linewidths make detection against the background noise much easier [44, 95].

All together, the number of photons that are emitted from a chlorophyll molecule can be as high

as 100 000–1 000 000 per second [24, 101, 102], see section 2.2.1. However, the great difficulty

is to separate these photons from all the photons emitted by the other molecules around the

chlorophyll. Optical bandpass filters can block most of these background photons at the cost

of loosing also a significant number of the signal photons. This leads to a typical detection

efficiency of a low-temperature single-molecule setup of well below 0.1% which only allows to

detect at maximum a few hundred photons of a chlorophyll molecule per second.

3.2.2 Techniques in low temperature single molecule spectroscopy

A short history

In 1989 Moerner and Kador [34] were the first to optically detect a single molecule at low

temperatures using a sensitive doubly modulated absorption technique. Soon afterwards, Orrit

and Bernard [35] showed that fluorescence-excitation spectra enhanced the SNR dramatically

compared to the absorption spectra. Here, a laser excites a small sample volume, in which at

most one molecule is present that can absorb at the wavelength of the incident light and only

the red-shifted fluorescence is collected from the same volume. This selective fluorescence

detection allows to efficiently reduce the residual stray laser photons as well as spectral features

due to impurities or Raman scattering of the matrix or the solvent and a signal is observed that

arises from a single molecule.
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To reduce the background even further, the excitation volume of the sample has to be made as

small as possible and the collection efficiency of the fluorescence as large as possible. Various

optical schemes have been developed for this purpose. For instance, in the first fluorescence-

excitation experiment [35] the sample was glued to the end of an optical single mode fibre

limiting the excitation volume to the core diameter of 2 µm of the fibre. Other solutions com-

prise a small lens [134] or parabolic mirror [135] to focus the laser beam onto the sample, or

a pinhole [136] to limit the incident laser beam. The collection of the fluorescence has to be

performed over a wide solid angle as it is emitted in all directions. Concave parabolic mirrors

[88], objectives [137] or simple lenses [134] were used for this purpose. The excitation volume

can be decreased even more by taking advantage of the geometry of the sample and using for

instance thin films [132] or nanocrystals [138].

Confocal microscopy

Nowadays, the most commonly used experimental setup for single molecule spectroscopy is

the confocal microscope. As depicted in Fig. 3.1, the excitation light is focused onto a pinhole

which is subsequently imaged onto the sample by a high numerical aperture objective causing

a small focal volume of about 1 µm3 (1 femtolitre). The fluorescence is collected by the same

objective, imaged onto a second pinhole — thereby blocking emission light from out of focus

regions — and finally focused onto a detector. In this way, the confocal detection scheme

ensures that only photons are detected that arise from the sample volume which is confocal with

both the excitation as well as the emission pinhole, efficiently suppressing unwanted scattered

light and fluorescence from areas outside the focal volume.

sample objective
dichroid

excitation pinhole

excitation volume

detection pinhole

detector

Figure 3.1: Confocal principle. As the sample volume is confocal with both excitation and detection pinhole, only

the excitation volume is illuminated and light from out-of-focus regions is efficiently blocked.
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3.3 Samples

3.3.1 Sample preparation

LH1, LH1-RC and LH2 complexes of several species of purple non-sulfur bacteria — so called

Rhodospirillaceae — were investigated in this thesis. Isolation from the bacteria and subsequent

purification was carried out by the different collaboration partners and the resulting solutions

were diluted in several steps to a concentration of about 1×10-11 M. This dilution was performed

in detergent buffer to prevent the complexes from aggregation or dissociation; in the last step

also 1.8% (wt/wt) polyvinyl alcohol (PVA; Mw 125 000 g/mol) was present.

A drop (10 µl) of the solution was spin-coated on a Lithium-fluoride (LiF) substrate by spinning

it for 15 s at 500 rpm and 60 s at 2000 rpm, producing high quality amorphous polymer films

with a thickness of less than 1 µm in which the pigment-protein complexes are embedded. LiF

was chosen as substrate because the inversion symmetry of the alkali halide crystal prevents

first-order Raman scattering and the optical resonances are far in the UV. The samples were

immediately mounted in a liquid-helium cryostat and cooled to 1.4 K.

3.3.2 List of samples

In the following, a list of all sample types and the buffers in which they were diluted is given

together with the cooperation partner who cultivated the bacteria and isolated the complexes

and the chapter in which the measurements are discussed.

• Species: Rhodospirillum (Rs.) molischianum [139]

Complex: LH2

Buffer: 20 mM Tris / 0.1% LDAO / pH = 8.0

Cooperation partner: H. Michel, MPI of Biophysics, Frankfurt, Germany.

Discussed in: chapters 4 and 5

• Species: Rhodopseudomonas (Rps.) acidophila [2]

Complex: LH2

Buffer: 20 mM Tris / 0.1% LDAO / pH = 8.0

Cooperation partner: R. Cogdell, University of Glasgow, Glasgow, UK.

Discussed in: chapter 6
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• Species: Rhodopseudomonas (Rps.) acidophila [140]

Complex: LH1-RC

Buffer: 20 mM Tris / 0.1% LDAO / pH = 8.0

Cooperation partner: R. Cogdell, University of Glasgow, Glasgow, UK.

Discussed in: chapter 7

• Species: Rhodobacter (Rb.) sphaeroides [141]

Complex: LH1-RC

Buffer: 0.6% βOG / 0.2% Na-cholate / 50 mM NaGlyGly / pH = 7.8

Cooperation partner: F. Francia, University of Bologna, Bologna, Italy.

G. Venturoli, University of Bologna, Bologna, Italy.

D. Oesterhelt, MPI for Biochemistry, Martinsried, Germany.

Discussed in: chapters 7 and 8

3.3.3 List of chemicals

trade name chemical name company

Tris Tris-(hydroxymethyl)-aminomethan Carl Roth GmbH

LDAO lauryldimethylamine N -oxide Sigma-Aldrich

βOG n-Octyl-β-D-glucopyranoside Sigma-Aldrich

Na-cholate 3α,7α,12α-Trihydroxy-5 β-cholan-24-oic acid Sigma-Aldrich

NaGlyGly Sodium Glycyl-glycine Sigma-Aldrich

PVA polyvinyl alcohol Sigma-Aldrich

Table 3.1: List of chemicals from Carl Roth GmbH & Co. KG, Karlsruhe, Germany or Sigma-Aldrich, St. Louis

MO, USA.

3.3.4 Atomic coordinates

The atomic coordinates of LH2 from Rhodospirillum molischianum (identifier code: 1LGH),

LH2 from Rhodopseudomonas acidophila (identifier code: 1KZU at 2.5 Å, 1NKZ at 2.0 Å) and

the RC from Rhodobacter sphaeroides (identifier code: 1PSS) were taken from the Protein Data

Bank (http://www.pdb.org/).
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3.4 Experimental setup

To perform fluorescence microscopy and fluorescence-excitation spectroscopy the samples were

illuminated with a continuous-wave tunable Titanium-Sapphire (Ti:Sa) laser (3900S, Spectra

Physics, Mountain View CA, USA) pumped by a frequency doubled continuous-wave Neody-

nium-Yttrium-Vanadat (Nd:YVO4) laser (Millennia Vs, Spectra Physics, Mountain View CA,

USA) using a home build microscope that can be operated either in widefield or confocal mode.

To obtain a well-defined variation of the wavelength of the Ti:Sa laser the intracavity bire-

fringent filter has been rotated with a motorised micrometer screw (MM4005 and 850f, New-

port, Irvine CA, USA). For calibration purposes a wavemeter (Wavemeter jr., EXFO Burleigh

Products Group, Victor NY, USA) has been used and an accuracy as well as a reproducibil-

ity of 1 cm-1 for the laser frequency have been verified. A fluorescence-excitation spectrum

of an individual light-harvesting complex was obtained in two steps. First a widefield image

of the sample was taken and a spatially well-isolated complex was chosen. Subsequently a

fluorescence-excitation spectrum of this complex was obtained by scanning the laser and simul-

taneously collecting the fluorescence.

Widefield fluorescence microscopy

A 40 × 40 µm2 wide-field image of the sample was taken by exciting the sample through a

simple planoconvex lens with a large focal length (f = 140 mm) creating a ∼ 100 × 100 µm2

spot on the film (Fig. 3.2A). Thereby, the excitation wavelength was chosen to coincide with

an absorption maximum of the complexes (800 nm for LH2 and 870 nm for LH1-RC) whereas

the emitted light was collected by an objective lens (single aspheric lens, f = 1.45 mm, NA =

0.55, Thorlabs, Newton NJ, USA) mounted inside the cryostat immersed in liquid helium and

focused onto a back-illuminated CCD camera (512 SB, Roper Scientific, Trenton NJ, USA)

after passing suitable bandpass filters (∆λ ≈ 20 nm, Dr. Hugo Anders, AHF Analysentech-

nik, Tübingen, Germany) which blocked the residual laser light. The 3D-representation of the

fluorescence — as depicted in the lower part of Fig. 3.2A — shows several peaks each repre-

senting the diffraction limited airy pattern of individual LH complexes. The lateral resolution

was determined to 1 µm corresponding to the theoretical expected resolution using the Rayleigh

criterion (e.g., [142]). From this image a spatially well-isolated complex was selected.
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Figure 3.2: Experimental setup for low-temperature single molecule spectroscopy. (A) Widefield arrangement

of the microscope. In the lower part a 3D-representation of an example image is shown in which each peak

corresponds to the diffraction limited image of an individual LH complex. (B) Confocal mode of the microscope.

A typical fluorescence-excitation spectrum of an individual LH2 complex from Rs. molischianum is shown in the

lower part. See text for more details.

Confocal fluorescence-excitation spectroscopy

A fluorescence-excitation spectrum of this complex was obtained by switching to the confocal

mode of the set-up (Fig. 3.2B). In this mode the excitation light was passed through an exci-

tation pinhole and focused onto the sample by the objective lens inside the cryostat creating a

diffraction limited excitation volume of less than 1 µm3. This confocal volume was made to

coincide with the complex by tilting the direction of the excitation beam with the scan mirror.

A pair of telecentric lenses ensured a precise and well controlled displacement of the focus on

the sample while maintaining alignment with the confocal aperture.

The fluorescence was collected by the same objective lens and focused onto a single-photon

counting avalanche photodiode (APD) (SPCM-AQR-16, Perkin Elmer Optoelectronics, Fre-

mont CA, USA) which also fulfilled the role of the detection pinhole. Instead of obtaining a

spectrum by slowly scanning the laser once, many spectra were recorded in rapid succession
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by scanning repetitively the spectral range of interest and storing the different traces separately.

Thereby, not only light-induced fluctuations of the fluorescence intensity on a timescale of sec-

onds could be diminished as reported in [143] but also information about the spectral evolution

in time could be gained. With a scan speed of the laser of 3 nm per second (≈ 50 cm-1/s) and

an acquisition time of 10 ms per data point, this yields a nominal resolution of 0.5 cm-1 ensur-

ing that the linewidth is limited by the spectral bandwidth of the laser (1 cm-1). The confocal-

detection mode features a superior background suppression that allowed to record fluorescence-

excitation spectra with high signal-to-noise ratios as shown for instance in the lower part of Fig.

3.2B [118].

Widefield fluorescence-excitation spectroscopy

Due to the sequential character of the experiment confocal fluorescence-excitation spectroscopy

is limited to the investigation of one to two complexes per day. Therefore, it would be advan-

tageous to use a CCD camera instead of the APD in Fig. 3.2B to monitor the fluorescence in-

tensity of many complexes simultaneously while scanning the frequency of the excitation light.

Consequently the spectra of as many complexes as can be imaged on the CCD are obtained si-

multaneously as depicted in Fig. 3.3. Here, the CCD-frame number corresponds to wavelength

λ1
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Figure 3.3: Widefield fluorescence-excitation spectroscopy. An EMCCD camera records the fluorescence intensity

of a sample containing several individual complexes depicted by the differently bright dots. During the image

acquisition, the wavelength of the laser is scanned. The spectra of the complexes can then easily be reconstructed

as each frame corresponds to a certain wavelength λi and the total fluorescence in this frame is obtained by

integration over the image of the individual complexes.
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and by integrating the total intensity of the fluorescence image of an individual complex on the

CCD as a function of the read-out frame a fluorescence-excitation spectrum can be obtained.

In the past, basically two types of CCDs existed, (i) fast cameras with high read-out noise and

(ii) slow cameras with low read-out noise. Fast cameras typically have signal-to-noise ratios

(SNR) that is to poor for single LH spectroscopy whereas the slow cameras — as also used

for the widefield microscopy — generally have very long read-out times. Nowadays, a new

generation of CCD cameras, so call electron multiplying CCDs (EMCCD) exist that eliminate

the read-out noise by amplifying the number of counts in a pixel directly on the CCD chip

itself. The key feature of such cameras is that they combine high sensitivity and low noise

without sacrificing fast read-out.

However, using similar SNR as a target criterion it can be stated that the cycle time (i.e., image

acquisition time plus read-out time) of the EMCCD (DV465, Andor, Belfast Ireland) used in

this thesis was still about a factor of 50 higher than of the APD in the confocal mode. This

is due to the fact that no detection pinhole is present anymore so that the confocal setup is no

longer fulfilled and stray light from out-of focus regions is imaged onto the CCD. Also the

quantum efficiency of the CCD (15% at 900 nm) is a factor of 3 lower than for the APD (40%

at 900 nm). Furthermore, the read-out time of the APD is basically zero whereas the EMCCD

still needs 100-150 ms per frame. Nevertheless, the new parallel detection scheme of widefield

fluorescence-excitation spectroscopy which was used for the experiments described in chapter

6 enhanced the efficiency of the experimental work by a factor of 50 compared to confocal

operation with an APD.

Polarisation dependent spectroscopy

To examine the polarisation dependence of the spectra, a 1
2
λ plate was put in the confocal

excitation path. This plate was rotated in steps of 0.9 degrees between two successive scans by

which the angle of polarisation of the excitation light changes with twice this value. Limited by

the signal noise, this allowed to determine polarisation angles to within 5◦ accuracy.



Chapter 4

The B800 band of LH2 from

Rhodospirillum molischianum

In this chapter, a study is presented on the B800 absorptions of individual LH2 complexes from

Rhodospirillum molischianum, which are sensitive to the variations in the electronic coupling

between individual BChl a molecules. The electronic coupling is determined by the interaction

strength V between the pigments and the energetic disorder, characterised by the width ∆ of

a Gaussian distribution of site energies. For the B800 band the ratio V/∆ � 1 is consistent

with the picture that the chromophores feature a weak to intermediate coupling and that the

excitations are mainly localised on individual chromophores.

The observations are also affected by apparent, temporal variations in the local environment

of individual pigments. These can be caused by conformational fluctuations within the pro-

tein scaffold. The embedded chromophores react on these fluctuations with changes of their

electronic energies which makes them suited to monitor the dynamics of a protein with optical

spectroscopy.

The objective is to establish a relationship between spectroscopic observations, the molecular

structure, and the statistical variations of the interaction strength and the site energies.

39
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4.1 Structure of the B800 ring

As mentioned in the introduction, the LH2 complex from Rhodospirillum molischianum is an

octameric hollow cylinder of 90 Å diameter featuring a C8-symmetry [3]. It is built up from

eight monomer units each comprising two membrane spanning apoproteins (α inside and β

outside) binding non covalently three bacteriochlorophyll a and presumably one carotenoid

molecules, see Fig. 4.1A. In the complex, two distinct BChl a assemblies can be distinguished,

one comprising eight BChl a molecules, named B800 ring owing to its main absorption peak

around 800 nm, the other comprising 16 BChl a molecules named B850 ring owing to its ab-

sorption around 850 nm. The arrangement of the chromophores is shown in Fig. 4.1C together

with the orientations of their Qy absorption dipole moments. From the C8 symmetry it is evident

that the mutual orientations between uncoupled absorption transition-dipole moments equals 0

modulo 45 degrees. Important characteristics of the B800 system are the equivalence of the 8

binding sites, the relatively narrow absorption line widths, and the nearest-neighbour interaction

strength V of about 20 cm-1 [54].

(A) (C)(B)

B800 BChl a

B850 BChl a

β-apoprotein

α-apoprotein
B800 ring

10 Å 

V ≈ 20 cm-1

22 Å45°

135°

Figure 4.1: Structure of the B800 ring of LH2 from Rhodospirillum molischianum. (A) Subunit containing one

B800, two B850 bacteriochlorophyll a and one carotenoid (not shown) molecules non-covalently bound by two

apoproteins. (B) Side view of the LH2 complex. (C) Top view of the B800 ring containing eight B800 BChl a

molecules arranged in a C8 symmetry. The arrays indicate the orientations of their Qy absorption dipole moment.
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4.2 Experimental results

Example fluorescence-excitation spectra of the B800 ring of five individual LH2 complexes

from Rs. molischianum are shown in the lower part of Fig. 4.2. Each spectrum is the result

of the summation of six traces recorded with a mutual difference of the incident polarisation

vector of the excitation light of 30◦, thereby averaging over all possible polarisations. For the

individual complexes the spectra typically feature a discrete pattern of 2–6 absorption lines with

a spread of several nanometre around the peak absorption of the ensemble value. The variations

with respect to the number of lines and the spectral positions of the absorptions will be referred

to as spectral heterogeneity in the following. In the top two traces the sum of 24 spectra from

individual complexes (solid line) is compared with the B800 spectrum from a large ensemble

of pigment protein complexes (bold line). Both spectra are in good agreement and consist of a

broad band at 12500 cm-1 (800 nm) with a linewidth of 300 cm-1 (FWHM).
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Figure 4.2: Fluorescence-excitation spectra of the B800 band of LH2 complexes from Rs. molischianum. The top

traces show the comparison between an ensemble spectrum (bold line) and the sum of 24 spectra recorded from

individual complexes (solid line). The lower five traces display spectra from single LH2 complexes. Each spectrum

has been averaged over all possible excitation polarisations. The vertical scale is valid for the lowest trace, all other

traces were offset for clarity. All spectra were recorded at 1.4 K with an excitation intensity of 10 W/cm2 .
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4.2.1 Inter- and intra-complex heterogeneity

Apparently the ensemble B800 band consists of several relatively narrow absorptions and its

width reflects contributions to the spectral heterogeneity of two qualitatively different types of

energetic disorder: i) intra-complex disorder, also referred to as diagonal disorder or site het-

erogeneity which results from the differences in site energy of the individual BChl a molecules

within one complex. ii) inter-complex disorder which reflects the changes in the position of the

centre of mass of the whole spectrum for different complexes.

An experimental measure for the inter-complex heterogeneity is given by the distribution of the

spectral mean value νi of the fluorescence-excitation spectrum of an individual LH2 complex i

νi =

∑
k I(k)ν(k)
∑

k I(k)
, (4.1)

where I(k) denotes the fluorescence intensity at datapoint k, ν(k) the spectral position corre-

sponding to datapoint k, and the sum runs over all datapoints of the spectrum. Fig. 4.3A shows

the histogram of the spectral means from the individual spectra obtained from 43 complexes. It

is centred at 12560 cm-1 (796 nm) and has a width (FWHM) of 100 cm-1.
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Figure 4.3: Spectral heterogeneity in the B800 band. (A) Distribution of the spectral mean νi from 43 LH2 com-

plexes. (B) Distribution of the standard deviations for the spread of absorption lines in the individual fluorescence-

excitation spectra for the same 43 LH2 complexes.

The intra-complex heterogeneity can be addressed experimentally by calculating the standard

deviations σν of the intensity distributions within the individual spectra

σν =
√

ν2 − ν 2, (4.2)
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where ν2 is given by

ν2 =

∑
k I(k)[ν(k)]2
∑

k I(k)
. (4.3)

The respective histogram for σν , Fig. 4.3B, is centred at a value of about 120 cm-1. Since the

diagonal disorder is commonly defined as the full width at half maximum of the distribution

of site energies, this value has to be multiplied by 2.36 which yields 280 cm-1 (FWHM) for the

intra-complex disorder.

4.2.2 Spectral diffusion

Apart from static variations of the absorptions as described in the previous section fluctua-

tions of the B800 fluorescence-excitation spectra in time were also observed. In order to study

such effects in more detail the spectra were recorded in rapid succession by scanning the laser

repetitively between 770 nm (12987 cm-1) and 820 nm (12195 cm-1) at a scan speed of 3 nm/s

(≈̂ 50 cm-1/s) and storing the resulting traces separately. Because the linewidth of the excita-

tion laser is 1 cm-1, this procedure allows to follow the temporal development of the individual

B800 absorptions with a time resolution of about 50 ms. Spectral diffusion events that occur on

a faster time scale cannot be resolved and contribute to the linewidth of the features observed.

In the following, the registered spectra are displayed in a two dimensional representation, where

the horizontal axis corresponds to wavenumber, the vertical axis to time and the intensity of the

absorptions to the grey scale. Linewidths are always given as the full width at half maximum

(FWHM).

Spectral switching of individual absorption lines

For two complexes spectral diffusion patterns could be found which were characterised by the

recurrent disappearance of one line and the appearance of one new line at a different spectral

position. An example is shown in Fig. 4.4A together with the fluorescence-excitation spectrum

that results when the whole sequence of spectra is averaged, Fig. 4.4B. Owing to the sequential

data acquisition the intensities of the individual spectral features can be followed as a function of

time. The individual absorptions show small temporal shifts (2–6 cm-1/15 s) in spectral positions

which mainly determine the inhomogeneous linewidth of the features in the averaged spectrum.

The two absorptions at 12921 cm-1 and 12643 cm-1, marked by a and a′ respectively, show in
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Figure 4.4: Spectral switching of individual absorption lines, Complex nr. 1. (A) Time sequence of 256

fluorescence-excitation spectra recorded at a speed of 50 cm-1 /s with an excitation intensity of 10 W/cm2 . The

fluorescence intensity is indicated by the grey scale. The average spectrum is depicted in (B). Of the two spectral

features labelled a and a′ the fluorescence intensity versus time is shown in (C). Their auto-correlation (upper grey,

a, and black ,a′, lines) and cross-correlation (lower black line) are shown in (D).

addition to the spectral shifts also a strong temporal fluctuation of the intensity. This is shown

in more detail in Fig. 4.4C which displays their total emission intensity as a function of time.

Both traces show abrupt changes from several thousand counts per second to the background

level which is a typical signature of the single-molecule character of the experiment. From

visual inspection of the two traces it seems evident that they are anti-correlated and only one

of them can be excited at the same time. Indeed, this conjecture is supported by the auto-

and cross-correlations of the two trajectories, Fig. 4.4D. Both auto-correlations (upper black

and grey lines) drop within three datapoints corresponding to three scans of 15 s each to an

average value of zero, a signature that the observed intensity fluctuations are uncorrelated on

the timescale of the experiment. In contrast the cross-correlation (lower black line) features a

clear dip around t = 0 which unambiguously shows that the two absorption lines, separated by

278 cm-1, are closely associated. The average on-time of line a is 64 s that of line a′ 54 s.

The absorptions at 12753 cm-1 (b) and 12494 cm-1 (b′) which are separated by 259 cm-1 also

show a clear anti-correlation. The average on-times for lines b and b′ are 50 s and 46 s respec-

tively. The combinations a–b, a–b′, a′–b and a′–b′ show no correlation at all.
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Figure 4.5: Spectral switching of individual absorption lines, Complex nr. 2. (A) Time sequence of 425

fluorescence-excitation spectra recorded at a speed of 50 cm-1 /s with an excitation intensity of 15 W/cm2 . The

fluorescence intensity is indicated by the grey scale. The polarisation of the excitation light was rotated by 1.8◦

after each scan. The fluorescence intensity of the two spectral features labelled a and a′ as well as the sum is shown

in (B). The features shown a clear anti-correlation; their sum can be fitted by a cos2 -function (dashed line).

A similar behaviour was found for a second complex which is shown in Fig. 4.5. Again, a

sequence of subsequent scans is stacked on top of each other. However, the polarisation of the

incident laser light was rotated by a 1
2
λ plate by 1.8◦ after each scan. In (B), the fluorescence

intensities of line a and a′ are plotted versus polarisation of the excitation light. It becomes

clear that these two lines feature an anti-correlated behaviour as was previously seen for the

absorptions in Fig. 4.4. The electrical field vector of the incident excitation light ~E and the

transition-dipole moment of the absorber ~µA define the probability for absorption: P (θ) =

(~µA · ~E)2, where θ defines the angle between the electrical field vector and the transition dipole

moments. The probability — and with it the observed fluorescence intensity — is therefore

proportional to cos2 θ. Consequently, the sum of their fluorescence, shown in the upper panel

of (B), can be nicely fitted by a cos2-function (dashed line).

Absorption lines b–b′ and c–c′ are anti-correlated as well, whereas the fluorescence of other

combinations (e.g., a–c′) shows no correlation.
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Spectral diffusion contributing to the homogeneous linewidth

In the two-dimensional representations of sequentially recorded spectra shown in the previous

figures it could be seen that the spectral position of the absorption lines changes slightly from

scan to scan. The different absorption lines in a spectrum do not shift their spectral position

by the same amount, they do not even shift in the same direction. This gives rise to the as-

sumption that the spectral fluctuations reflect an intrinsic property of the complexes studied.

Consequently, the fluctuations are assigned to reflect changes of the absorption energy of the

chromophores involved in the absorption.

In Fig. 4.6A a stack of 256 sequentially recorded spectra which have been extracted from Fig.

4.4A at the position of line a′ at 12643 cm-1 is shown in the upper panel as a two-dimensional

time versus wavenumber diagram. The spectrum in the lower panel represents the fluores-

cence intensity of the averaged spectrum of all scans versus wavenumber and has a linewidth
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Figure 4.6: Suppressing “slow” spectral diffusion of an absorption line. (A) Stack of 256 fluorescence-excitation

spectra recorded at a scan speed of 50 cm-1 /s and an excitation intensity of 10 W/cm2 , taken from Fig. 4.4A at the

position of line a′. The fluorescence intensity is indicated by the grey scale. The average of all spectra is shown

in the lower panel and has a linewidth of 41.6 cm-1. (B) Stack of 172 fluorescence-excitation spectra that were

obtained by fitting the spectra in (A) by a Lorentzian and shifting each scan according to the spectral position

of the fit maximum, thereby eliminating the spectral diffusion. During some spectra the absorption was found at

position a and could therefore not be fitted at position a′. These 84 spectra were excluded. The absorption line in

the lower panel indicates the average of all scans and has a linewidth of 7.5 cm-1.
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of 41.6 cm-1. The following technique was applied to eliminate the spectral motion leading to

the inhomogeneous broadened averaged absorption line: first the transition in every single scan

was fitted with a Lorentzian. This yields that the observed linewidth predominantly results from

the accumulation of smaller spectral changes. For this example the peak position changed on

average by 4.7 cm-1 per scan of 15 s duration. Similar values were observed for the other ab-

sorptions from Figs. 4.4 and 4.5 as can be seen from Tab. 4.1. It is worth to note that for the

spectra of complex 2 a single scan took 33 s — in contrast to 15 s for complex 1 — without an

accompanying increase of the average linewidth of the peak positions.

Then the fitted spectra were spectrally shifted such that the fitted peak positions coincided. Fig.

4.6B shows in the upper panel the spectral sequence of Fig. 4.6A after all spectra were shifted

according to the maximum of a Lorentzian fit. During some scans the absorption line was found

at position a at 12921 cm-1 instead of at position a′ at 12643 cm-1. For these scans the related

spectrum could not be fitted with a Lorentzian at the spectral position a′. The 84 scans were

therefore excluded in the figure. Again, the spectrum in the lower panel represents the average

of all scans. Its linewidth is only 7.5 cm-1, about a sixth of the linewidth of the spectrally

diffusing absorption line. The same procedure yields for the linewidths of the other absorptions

values between 4–12 cm-1, see Tab. 4.1. Clearly, additional contributions to the linewidth which

stem from faster unresolved spectral dynamics while the laser scans through the resonance can

not be resolved. However, the observed values cover the same range as those reported for the

homogeneous linewidth of the B800 absorptions [24, 72] which restricts additional unresolved

contributions to the linewidth to an order of about 1 cm-1. Given the scan speed of the laser the

underlying processes have to occur within less than about 200 ms. Spectral diffusion occurring

at a faster rate will lead to a broadening of the absorption line, that can not be corrected for by

this “fit-and-shift” technique.

In summary, three groups of spectral diffusion can be distinguished: i) large spectral changes

spanning several 100 cm-1 at a rate of about 10-3 s-1 ii) moderate spectral changes within several

10 cm-1 at a rate of about 0.1 s-1 and finally iii) possibly unresolved spectral changes within a

few cm-1 at a rate of about 10 s-1.
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Table 4.1: Properties of the absorptions from complexes 1 and 2 from Figs. 4.4 and 4.5. For each absorption

line the following properties are listed: its spectral position, the distance between the line and its anti-correlated

partner, the rate at which the absorption energy changes to the energy of the anti-correlated partner, the observed

linewidth in the averaged spectrum, the average spectral change of the maximum of the fitted Lorentzian per scan,

the linewidth in the averaged spectrum after each scan was shifted according to the maximum of the Lorentzian fit

and the time needed for the laser to scan across the processed linewidth.
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Simultaneous spectral diffusion of absorption lines

Besides the spectral diffusion of a single line discussed in the previous section it was also

observed that several lines changed their spectral positions simultaneously. Fig. 4.7A shows

a part of the spectrum from an individual LH2 complex in a two-dimensional representation.

In this representation, in total four distinct spectral features labelled a–d can be distinguished.

While the absorption d at about 12470 cm-1 shows only relative small excursions in frequency

space the other absorptions show large spectral jumps to a limited number of spectral positions.

This becomes even more evident if a part of the total sequence of consecutive fluorescence-

excitation spectra is displayed, Fig. 4.7B. Each spectrum represents the average of the individual

traces over the time interval boxed in part (A) of the figure. This procedure clearly uncovers

that for this particular complex the B800 spectrum corresponds to the time average of two

distinct spectra termed A and B hereafter. The conversion between the two spectra occurs as a

reversible sudden spectral jump which is recurrent on a timescale of minutes. A second example

is depicted in the same manner in Fig. 4.8. The respective spectra can be characterised by the
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Figure 4.7: Simultaneous spectral diffusion in complex nr. 3. (A) 2D-representation of a sequence of 35 spectra

which were recorded subsequently at a speed of about 50 cm-1/s stacked on top of each other. The horizontal axis

corresponds to wavenumber and the vertical axis to time. The fluorescence intensity is given by the grey scale.

The excitation intensity was 60 W/cm2 . (B) The panels show the spectra that result when the individual traces are

averaged over the indicated time windows.
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Figure 4.8: Simultaneous spectral diffusion in complex nr. 4. (A) 2D-representation of a sequence of 70 subse-

quently recorded spectra stacked on top of each other. The horizontal axis corresponds to wavenumber and the

vertical axis to time. The fluorescence intensity is given by the grey scale. The excitation intensity is 5 W/cm2 . (B)

The panels show the spectra that result when the individual traces are averaged over the indicated time windows.

position of their absorption lines, their spectral means and intra-complex disorders, which are

given in table 4.2. Here, the spectral mean value of the B800 spectrum is defined as in Eq.

4.1. The intra-complex heterogeneity or disorder within a complex is extracted from the data

by calculating the standard deviation σν of the intensity distributions in the individual spectra

as given in Eq. 4.2.

For complex 3 the spectral mean changes from the A- to the B-type spectrum by 207 cm-1 and

the intra-complex disorder decreases from 163 cm-1 to 63 cm-1. In contrast for complex 4 the

spectral mean between the two spectra changes by 61 cm-1 while the intra-complex disorder

remains nearly unchanged at about 90 cm-1.

Apparently, for these complexes, the B800 band can appear in two possible realisations in each

of which it remains during a mean residence time τ . The average time τA complex 3 remains in

realisation A before switching to realisation B is about 110 s. The average time τB complex 3

stays in realisation B is about 250 s. For complex 4, these figures are τA = 500 s and τB = 83 s.
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line νA FWHMA νA σA τA (s) νB FWHMB νB σB τB (s)

( cm-1) ( cm-1) ( cm-1) ( cm-1) (s) ( cm-1) ( cm-1) ( cm-1) ( cm-1) (s)

complex nr. 3, Fig. 4.7

a 12850 37

b 12651 7 12654 12

c
12748 163 110

12557 20
12541 63 250

d 12477 11 12468 12

complex nr. 4, Fig. 4.8

a 12733 28

b 12609 35 12614 32

c 12541 21
12639 91 500

12522 33
12578 93 83

d 12477 10

Table 4.2: Spectral features for the A- and B-type spectra of complexes 3 and 4 from Fig. 4.7 and Fig. 4.8. ν

denotes the spectral position of the absorption lines, FWHM the full spectral width at half of the maximum intensity

of the spectral feature. ν denotes the spectral mean, σ the standard deviation of the overall B800 spectrum. The

mean residence time τ gives the average time before the complex changes to the other realisation.

Power dependence of spectral diffusion

In the upper panel of Fig. 4.9A, a stack of 225 sequentially recorded scans is shown together

with the average spectrum of all traces in the lower panel. The individual scans differ strongly

from each other and the five absorption lines which are present in the average spectrum are not

present in each individual scan. Increasing the excitation intensity from 0.2 W/cm2 to 1 W/cm2

as is shown in (B) not only results in an increase of the fluorescence intensity. The amount of

spectral heterogeneity or spectral diffusion also seems to increase if judged by visual inspection.

This process continues upon increasing the excitation intensity to 2 W/cm2 in (C), 5 W/cm2 in

(D), 10 W/cm2 in (E) and 20 W/cm2 in (F).
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Figure 4.9: Temporal variations of fluorescence-excitation spectra. In all panels a stack of sequentially recorded

spectra is shown versus wavelength together with the spectrum that results when all scans are averaged. The

fluorescence intensity is given by the grey code. The excitation intensities were (A) 0.2 W/cm2 (B) 1 W/cm2 (C)

2 W/cm2 (D) 5 W/cm2 (E) 10 W/cm2 (F) 20 W/cm2 . Note that the range of the intensity axis differs between the

panels.

4.2.3 Electronic couplings in a circular aggregate of molecules

In order to investigate the polarisation dependence of the excitation spectra in more detail, a

systematic study was performed in which the focus was set on the mutual angles between the

absorption-dipole moments responsible for the narrow absorptions in the B800 band. To this

end the laser was swept through the B800 spectral region and a sequence of spectra was recorded

while rotating the polarisation of the incident radiation between successive scans.
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Mutual angles between absorption-dipole moments

Fig. 4.10A shows a part of the spectrum from an individual LH2 complex. Between succes-

sive scans the polarisation of the incident excitation light was rotated by 1.8◦. In Fig. 4.10B

the fluorescence-excitation spectrum is given that results from the summation of the traces in

Fig. 4.10A. In Fig. 4.10C the fluorescence intensity is displayed as a function of the polari-

sation of the incident radiation for the two absorption lines indicated by the boxed regions in

Fig. 4.10A. The observed variation in intensity can be fitted by a cos2-dependence (full and

dashed line, respectively). From the difference of the phases in the two traces it was determined

that the mutual angle between the transition-dipole moments related to these two absorption

lines amounts to 91◦. This procedure has been applied to 88 absorption lines from 24 individual

LH2 complexes in order to find the distribution of the mutual orientations of the transition-

dipole moments within each complex. The values have been obtained either directly from the
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Figure 4.10: (A) Two-dimensional representation of 513 fluorescence-excitation spectra from a part of the B800

band of an individual LH2 complex recorded consecutively at a scan speed of ≈ 50 cm-1 /s and an excitation inten-

sity of 10 W/cm2 . The grey scale gives the fluorescence intensity. Between two successive scans the polarisation

of the incident radiation has been turned by 1.8◦. The horizontal axis corresponds to wavenumber and the vertical

axis to polarisation. (B) Average of all 513 spectra. (C) Intensity of the fluorescence for the two absorptions

indicated by the boxes in part (A) as a function of the polarisation of the excitation. The full and dashed line

correspond to cos2 (α(t)+α)-type functions fitted to the experimental data with phase angles, α, of 148◦ and 57◦,

respectively. (D) Histogram of mutual orientations of the transition-dipole moments from 88 absorption lines from

24 individual complexes.
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phase difference |α1 − α2| if the result was less than 90◦ and otherwise from |α1 − α2 − 180◦|
to restrict the scale to the acute angle between the two dipole moments, i.e., to the interval 0◦ –

90◦. The histogram in Fig. 4.10D shows the result of this study. The distribution covers nearly

the whole range between 0◦ and 90◦ with slight preferences for the values around 0◦, 20◦, 45◦,

and 70◦.

Simultaneous temporal fluctuations in the orientation of transition-dipole mo-

ments and the absorption energies

For some complexes changes in the spectral position of the individual absorptions were ob-

served as well as in the orientation of the transition-dipole moments during the experiment.

An example for such a behaviour is shown in Fig. 4.11. The spectral pattern can be grouped

into three distinct sequences labelled A, B and C as indicated by the boxes. In sequence A

four absorptions were observed, labelled “1” – “4” with spectral positions 12525.2 cm-1 (1),

12489.1 cm-1 (2), 12417.9 cm-1 (3) and 12367.7 cm-1 (4). The respective orientations of the

transition-dipole moments with respect to the lab frame were determined to be 70◦ (1), 4◦ (2),
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Figure 4.11: Two-dimensional representation of a part of 614 fluorescence-excitation spectra from an individual

B800 ring. Between two successive scans the polarisation has been turned by 1.8◦. The arrows show the orientation

of the transition-dipole moments of the individual absorptions with respect to a laboratory frame. The acquisition

times for intervals A, B, and C are 73, 31, and 65 min respectively. Experimental conditions as in Fig. 4.10. For

more details see text.
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30◦ (3) and −5◦ (4) and are visualised by the arrows. During the sequence A absorption “1”

creeps continuously in spectral position towards lower energy. None of the absorptions show

changes of the phase angle. The creeping of absorption “1” is continued at an increased rate in

sequence B, again without any change of the phase angle. This absorption as well as absorption

“2” disappear at the end of this sequence. No changes are observed for absorptions “3” and

“4”. With the beginning of sequence C new absorptions, “2a” and “2b” appear at spectral po-

sitions (phase angles) of 12491.9 cm-1 (−26◦) and 12481.4 cm-1 (41◦), respectively. As before

absorptions “3” and “4” do not show any changes.

4.3 Discussion

4.3.1 Inter- and intra-complex heterogeneity

In section 4.2.1 the spectral heterogeneity of the B800 band was characterised by two contribu-

tions, the inter- and intra-complex disorder. The intra-complex disorder was taken as a measure

for the distribution of differences in site energies of the individual BChl a molecules whereas

the inter-complex disorder reflected the changes for different complexes in the position of the

centre of mass of the whole spectrum.

Statistical analysis

In order to describe this issue more quantitatively a statistical analysis of the individual B800

spectra can be performed 1. Therefor the spectral positions of the absorption lines were inter-

preted as the manifestation of a single random variable ν. Information about the distribution

of this variable can be obtained from a random sample {νip} which corresponds to the set

of all absorption frequencies observed where p refers to the N pigments in one complex (in-

dexed by p, q, r) and i refers to the n complexes studied (indexed by i, j, k). In the following

〈. . .〉p = 1
N

∑N
p=1 . . . and 〈. . .〉i = 1

n

∑n
i=1 . . . are used as a short notation to express the average

over the pigments within one complex or the average over the complexes, respectively. Parame-

ters that can be calculated from a random sample are the expectation value ν and the variance

σ2 of the distribution which are given by

1Private communication with Michio Matsushita, University of Leiden
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ν =
1

nN

n∑

i=1

N∑

p=1

νip =
〈
〈νip〉p

〉

i
(4.4)

and

σ2 =
1

nN

n∑

i=1

N∑

p=1

(νip − ν)2 =
〈〈

(νip − ν)2
〉

p

〉

i
= ν2 − ν 2, (4.5)

where ν2 =
〈〈

ν2
ip

〉

p

〉

i
. To decompose the variance into its components resulting from intra-

and inter-complex disorder the spectral mean of complex i was defined by

νi =
1

N

N∑

p=1

νip = 〈νip〉p . (4.6)

The intra-complex disorder is then given by the distribution of the transition frequencies within

a particular complex with respect to its individual spectral mean, which can be expressed as a

variance by

σ2
intra =

〈
σ2

intra,i

〉

i
=
〈〈

(νip − νi)
2
〉

p

〉

i
= ν2 −

〈
νi

2
〉

i
. (4.7)

For the inter-complex disorder the distribution of the individual spectral means with respect to

the total mean ν has to be determined. Thus

σ2
inter =

〈
(νi − ν)2

〉

i
=
〈
νi

2
〉

i
− ν 2. (4.8)

It can be verified that the sum of these expressions

σ2
intra + σ2

inter = ν2 − ν 2 = σ2 (4.9)

yields the total variance. To find a relationship between the two types of disorder the term 〈νi
2〉i

has to be analysed.

〈
νi

2
〉

i
=

〈
〈νip〉p 〈νiq〉q

〉

i

=
1

nN2

n∑

i

N∑

p

N∑

q

νipνiq
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=
1

nN2

n∑

i

N∑

p

ν2
ip +

1

nN2

n∑

i

N∑

p

N∑

q, (p6=q)

νipνiq. (4.10)

In these equations νipνiq for p 6= q denominates two different pigments within the same com-

plex. With the assumption, that there is no correlation between the complexes the average over

two pigments from different complexes νipνjq will be the same. Therefore

〈
νi

2
〉

i
=

1

nN2

n∑

i

N∑

p

ν2
ip +

1

n2N2

n∑

i

n∑

j

N∑

p

N∑

q, (p6=q)

νipνjq. (4.11)

The sum
∑N,N

p,q;p6=q contains N(N −1) terms due to the condition p 6= q. This yields in case j 6= i

N∑

p

N∑

q, (p6=q)

νipνjq =
N(N − 1)

N2

N∑

p

N∑

q

νipνjq. (4.12)

When i and j are allowed to run freely, only terms in which i = j and p = q hold have to be

excluded. This leads to

〈
νi

2
〉

i
=

1

nN2

n∑

i

N∑

p

ν2
ip +

N(N − 1)

n2N2N2




n∑

i

n∑

j

N∑

p

N∑

q

νipνjq −
n∑

i

N∑

p

ν2
ip





=
1

N

1

nN

n∑

i

N∑

p

ν2
ip +

N − 1

N

1

n2N2




n∑

i

n∑

j

N∑

p

N∑

q

νipνjq −
n∑

i

N∑

p

ν2
ip





=
1

N

〈〈
ν2

ip

〉

p

〉

i
+

N − 1

N

〈
〈νip〉p

〉2

i
− N − 1

N

1

nN

〈〈
ν2

ip

〉

p

〉

i

=
1

N

(
1 − 1

n

N − 1

N

)

︸ ︷︷ ︸
=1, for large n

〈〈
ν2

ip

〉

p

〉

i
+

N − 1

N

〈
〈νip〉p

〉2

i
. (4.13)

Summarising, under the assumption that the disorder among the different complexes is not

correlated and that the number of complexes n � 1, one obtains

〈
νi

2
〉

i
=

1

N
ν2 +

N − 1

N
ν 2, (4.14)

which yields

σ2
inter =

1

N
σ2,

σ2
intra =

N − 1

N
σ2 (4.15)

and finally
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σ2
inter

σ2
intra

=
1

N − 1
(4.16)

for the ratio of inter- to intra-complex disorder.

Comparison between experiment and analysis

The experimental data can be compared with the results from the statistical analysis given above.

For the ratio of the inter- and intra-complex disorder contributions a value of 0.36 was observed

experimentally which is very close to the value of 0.38 expected from Eq. 4.16 using N = 8.

Moreover Eqs. 4.15 provide the opportunity to calculate the magnitude of the two disorder com-

ponents in absolute figures from the observed inhomogeneous ensemble linewidth of 300 cm-1.

This yields for the inter-complex contribution
√

1/8 · 300 cm-1 ≈ 106 cm-1 whereas for the

intra-complex contribution
√

7/8 · 300 cm-1 ≈ 281 cm-1 are predicted. Both values are in ex-

cellent agreement with those observed experimentally. Apparently in Rs. molischianum the

site-energies of the individual B800 BChl a pigments are not correlated as the disorder can be

explained by using one random variable only. Therefore, only one distribution is needed from

which the energy sites of all pigments in all complexes can be drawn.

This is in contrast to a previous study described in the literature on the nonameric B800 band

from Rhodopseudomonas acidophila where it was found that the inter- and intra-complex dis-

order were 120 cm-1 and 130 cm-1, respectively [24]. Applying Eqs. 4.15 yields a ratio of 0.92,

whereas from Eq. 4.16 with N = 9 a ratio of 0.35 is expected. It seems that for Rps. acidophila

the B800 site-energy distribution can not be described by one independent random variable

only. More than one variable would be necessary if the inter- and intra-complex disorder were

independent from each other. The determination of the site energies of the pigments would

then require two steps. In a first step the central mean value of each complex is determined by

choosing a value from the inter-complex distribution. In the second step the relative site ener-

gies within the individual complexes are determined from the intra-complex distribution. The

final site energies are then the sum of the relative site energies and the spectral mean. In this

procedure the assumption that the average over pigments from the same complex is equal to the

average over pigments from different complexes needed for the step from Eq. 4.10 to Eq. 4.11

is no longer fulfilled and the relationship between the two types of disorder as given in Eq. 4.16

does not hold anymore.
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4.3.2 Direct observation of distinct tiers in the energy landscape

of a protein

The spectroscopic properties of the chromophores embedded in the photosynthetic complexes

are determined to a large extend by their mutual spatial arrangement and their interaction with

the local environment. However, a protein is not a rigid structure. It consists of a linear chain

of amino acids folded into secondary and tertiary structure elements. Due to the relatively

weak interactions that stabilise the three dimensional protein structure the lowest energy state

of a protein is not unique. The potential energy hypersurface has 3N dimensions, where N

is the number of atoms (typically > 1000) in the protein, and features a multitude of minima,

maxima and saddle points. Commonly, a description in terms of a rugged energy landscape

is appropriate where each minimum represents a different conformational substate (CS) of the

protein. In order to describe protein dynamics and function a model has been put forward by

Frauenfelder and others [31–33] which proposes an arrangement of the protein energy landscape

in hierarchical tiers. On each level of the hierarchy the CS are characterised by an average

energy barrier between the CS that decreases with descending hierarchy. A consequence of

this idea is that structural fluctuations of a protein become hierarchically organised as well,

featuring characteristic rate distributions in different tiers. Supporting evidence for this concept

has been obtained from experimental work on myoglobin [31, 90, 144–147]. In the context

of a rugged protein energy landscape that is organised in tiers, the spectral dynamics observed

in the B800 spectra can be interpreted straightforwardly. Since conformational changes of the

protein correspond to rearrangements of its atoms, the embedded chromophores are subjected to

fluctuations in the electrostatic interactions. The general idea is that the conformational changes

are induced by optical excitation of the pigments.

Spectral switching: Chromophores probe the energy landscape

From spectral hole burning experiments on LH2 from Rhodopseudomonas acidophila it is

known that relative distance changes of ∆R/R ≈ 10-−4 – 10-2 are already sufficient to result

in spectral shifts of 1 – 100 cm-1 for the B800 absorptions [148]. Consequently, the observed

spectral fluctuations of complexes 1 and 2 (Sec. 4.2.2) are attributed to reflect modulations of

the pigment-protein interactions in the vicinity of the chromophore and according to the concept
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Figure 4.12: Hierarchical tiers in the energy landscape of a protein. (A) Schematic sketch of three subsequent tiers

of the potential energy hypersurface of a protein as a function of an arbitrary conformational coordinate. (B) Width

of the spectral region that is covered by the spectral fluctuations of the chromophore within a certain time window

— termed energetic span — versus the rate of these fluctuations in the three tiers found. Circles correspond to

data from large spectral jumps, crosses to data from spectral diffusion, boxes to possibly unresolved small spectral

fluctuations, see text for details.

of conformational substates the three observed categories of spectral fluctuations are assigned

to the presence of at least three distinct energy tiers in the energy landscape of the protein. In

order to address this issue in more detail the term “energetic span” of the chromophore ab-

sorption is introduced. This refers to the width of the spectral region that is covered by the

spectral fluctuations of the chromophore within a certain time window. In Fig. 4.12 a simplified

protein-energy landscape is sketched along an arbitrary conformational coordinate, together

with the information that is obtained for the relationship between the energetic spans of the

chromophore absorptions and the corresponding timescales. It is assumed that the magnitudes

of the observed spectral shifts represent a hierarchy of tiers where the average height of the

energy barriers decreases from top to bottom.

The highest tier, Fig. 4.12A top, is thought to represent specific arrangements of the atoms, for

example in the protein backbone, and transitions between these levels give rise to spectral shifts

of several 100 cm-1 in the optical spectrum of the chromophore. Presumably, the spectral shift is

indicative for a significant barrier height between the initial and final CS. As the chromophore

absorptions sample only few discrete spectral positions the energetic span covered by the pig-

ment absorption at this level of the hierarchy was taken as the energy difference between two

anti-correlated lines. The underlying processes in this tier occur at rates of 10-2 – 10-3 s-1.
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However, each energy level in the highest tier is more appropriately described as a rugged en-

ergy surface as shown in the centre part of Fig. 4.12A on an enlarged scale. Within this tier

the average CS energy is indicated by a bold bar and the distribution of states by the smooth

curve to the right. Accordingly, the spectral changes of about 5 cm-1 between two successively

recorded chromophore spectra are assigned to reflect structural fluctuations of the protein be-

tween two CS inside this tier of the energy landscape. Information about the distribution of the

CS energies within this level of the hierarchy is provided by the linewidth of about 50 cm-1 that

is obtained after accumulating hundreds of individual sweeps. Boundaries for the rates of the

protein dynamics which result in these spectral fluctuations can be estimated from the repetition

rate of the individual laser sweeps (0.03 – 0.07 s-1) and the time required to scan the laser across

the accumulated linewidth (1 s-1). The shaded box in the centre of Fig. 4.12B indicates these

constrains, the datapoints (crosses) are placed at the repetition rate of the experiments.

Descending further in hierarchy one finally reaches a situation that the protein transitions be-

tween the CS are going to cause only minor changes in the chromophore spectra. Certainly,

the smallest detectable spectral change corresponds to a broadening rather than a shift of the

absorption line. At the bottom of Fig. 4.12A a situation is sketched where the individual CS

are already quantised in energy (light bars) and can be characterised by a statistical distribution

(smooth curve to the right) around a mean value (bold bar) which represents one of the average

CS energies of the next higher tier. Likely causes for the CS within this tier are vibrational

and/or librational degrees of freedom of the protein. Within the temporal resolution of the ex-

periment all CS of this tier are sampled. A lower boundary for the rate of the processes that

are able to contribute to unresolved spectral dynamics hidden in the residual linewidth of the

B800 absorptions is given by the time that is required to scan the laser across this line. There-

fore the maximum possible energetic span for the chromophore absorptions and vice versa the

smallest possible rate for dynamical processes in the protein can be extracted from the broadest

processed linewidth. This fixes the upper left corner of the shaded box at the lower right of Fig.

4.12B. It should be mentioned that an upper boundary for the rate of these processes follows

from the Fourier-transform of the linewidth itself which yields about 1012 s-1. However, the ap-

proach is inappropriate to monitor the ultrafast dynamical processes and focuses on those that

occur at low rates. Accordingly, the possible parameter combinations in the lowest observable

hierarchical level are restricted to the shaded area at the bottom of Fig. 4.12B. The datapoints

(squares) correspond to the processed linewidth versus the reciprocal scantime of the laser.
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Certainly, Fig. 4.12B provides only a crude picture. In addition, it should be kept in mind that

this method does not permit to distinguish small spectral changes occurring at fast rates from

those occurring at slow rates. However, large spectral shifts at fast rates have not been observed

and the datapoints in Fig. 4.12B should be read as a boundary for the possible parameter com-

binations. Only combinations of rates and spectral shifts below the diagonal of the diagram are

compatible with the observations.

Simultaneous spectral diffusion: coupling of chromophores

To understand the observations in connection with complexes 3 and 4 in Sec. 4.2.2 one has to

consider that the excitations of the B800 BChl a molecules can be treated only in first approx-

imation as being localised on individual molecules. In Sec. 4.3.3 it is shown that the ratio of

the intermolecular interaction strength, V , and the energy mismatch in site energy, δ, between

adjacent BChl a molecules is subjected to a distribution. It should be noted that the distribu-

tion of differences in site energy δ, of neighbouring BChl a molecules as discussed here, can

be described by a Gaussian distribution with width ∆. The actual value of V/δ varies be-

tween different LH2 complexes and even between different B800 BChl a molecules within the

same complex. The obtained values cover typically a range of V/δ ≈ 0.5–2. Therefore it is

very probable that for some LH2 complexes the B800 excitations are slightly delocalised over

2–3 monomer units. This is corroborated by the observation of about 4–6 absorptions in the

B800 spectra from individual LH2 complexes rather than 8 absorptions (or 9 for LH2 from

Rhodopseudomonas acidophila [118]) as should be observable for strictly localised excitations.
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Figure 4.13: Schematic sketch to illustrate the interpretation of the experimental results in connection with com-

plexes 1 and 2. On the left hand side of each figure a part of the B800 assembly is shown. The local intermolecular

coupling between the individual B800 molecules i and j is indicated by Vij/δij . The right hand side of each figure

shows two (arbitrary) fluorescence-excitation spectra for two different sets of coupling parameters, denoted by the

suffix A and B.
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However, both the difference in site energy, δ, of two pigments and the intermolecular interac-

tion strength, V , depend critically on the mutual orientation and the distance of the pigments.

Any change in the protein backbone induces a variation of the local V/δ ratio which is mani-

fested as a change of the optical spectrum. In order to illustrate this interpretation a schematic

sketch of a part of the B800 ring is shown in Fig. 4.13. It is emphasised that the figure has only

illustrative character and that the actual distribution of the excitation energy in the B800 assem-

bly can not be determined. The coupling strength between adjacent molecules i and j is denoted

by Vij/δij and it is realistic to assume that its actual value is different for each pair of molecules.

In the left part of Fig. 4.13 an arbitrary situation, termed A, is shown where the excitation is

localised on molecules 1 and 4 and delocalised between molecules 2 and 3. In the right part

of Fig. 4.13 an arbitrary situation, termed B, is shown where the distribution of intermolecular

couplings has changed such that the excitation becomes delocalised between molecules 1 and 2

as well as between molecules 3 and 4. Despite the arbitrarily chosen examples for the illustra-

tion it is doubtless that such kind of variations in the electronic couplings result in changes of

the optical spectrum.

Structural changes in the binding pocket of the BChl a molecules

Of course, the intriguing question that arises is whether the observed spectral shifts can be

related to structural rearrangements in the binding pocket of the chromophore, which is shown

in Fig. 4.14.

It is known from theoretical work that the Qy transition of BChl a is very sensitive to perturba-

tions of the π-conjugation system of the bacteriochlorin macrocycle, and is also affected by the

ligands to the central Mg-atom. For instance, an out-of-plane rotation of the C2 acetyl group

with respect to the bacteriochlorin plane yields a blue shift of the pigment transition of up to

500 cm-1 [149]. A deviation from planarity of BChl will have similar effects. Density-functional

theory calculations comparing LH2 from Rhodopseudomonas acidophila and Rhodospirillum

molischianum showed that the more delocalised π-electron system of Rhodospirillum molischi-

anum accounts for a difference of 370 cm-1 in its Qy absorption [150].

It is inferred that the observed spectral variations result from rather local conformational changes

that affect the π-conjugation system of the bacteriochlorin macrocycle, e.g., through affecting

the planarity of the ring, through a reorientation of side-groups, or through some rearrangement
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Figure 4.14: Part of the binding pocket for a B800 BChl a molecule in Rs. molischianum. Dashed lines refer to

short distances (in Å) and indicate likely hydrogen and metal bonds.

involving the central-Mg atom and its ligands. In this regard several aspects have to be consid-

ered. First, the huge spectral changes might reflect fluctuations in the strength of a hydrogen

bond between the β-Thr23 amino acid and the C2 acetyl group of the BChl a molecule [3, 139].

This is evidenced by site-directed mutagenesis on LH2 from Rhodobacter sphaeroides. For this

species a β-10-Arg amino acid is hydrogen bonded to the C2 acetyl carbonyl group of the BChl

a molecule and spectral shifts of 100–200 cm-1 for the B800 absorption maximum are observed

if this amino acid is substituted by a non-hydrogen bonding residue [60]. Changes in the pro-

tein environment of B850 BChl a caused a shift of 154 cm-1 and 342 cm-1 for single and double

mutations, respectively [151]. And density-functional theory calculations that examined the

ligand-binding of the BChl a central Mg-atom to the charged α-Asp6 amino acid in the B800

binding pocket of Rs. molischianum estimated a red shift of 190 cm-1 [150] for the site energy

of a BChl a molecule in the B800 ring.

Second, the polarity of the B800 binding site might be of influence as follows from shifts of up to

300 cm-1 for the spectra from monomeric BChl a upon solution in various organic solvents [88].

For Rs. molischianum the x-ray structure shows a water molecule in close proximity to the α-

Asp6 and the methyl ester carbonyl of the BChl a that might cause variations in the electrostatic

environment of the pigment [3]. Electrostatic interactions with water molecules or other polar

groups at a distance away from the BChl a binding pocket will be of no great influence to the

spectral characteristics of the chromophore since such interactions depend strongly on distance.

Moreover, electrostatic effects depend on the change of the effective dipole moment, f · ∆µ,

upon excitation of BChl a, which is only about 1 D.

Finally, also distortions of the bacteriochlorin macrocycle at the position of the C9-keto group
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in the B800 band of LH2 from Rb. sphaeroides have been observed to cause spectral shifts of

the Qy absorption of about 80 cm-1 [60].

In summary, it appears very reasonable that the observed spectral shifts result from structural

fluctuations within the binding pocket of the chromophore. Given the low fluorescence quan-

tum yield of light-harvesting 2 complexes of about 10% in vitro [79], it is most likely that the

observed conformational changes are light induced at low temperature. For example, van Oijen

et al. [24] described the observation of light induced spectral diffusion in the B800 band of LH2

from Rps. acidophila. Further support comes from the observation that the rate of spectral dif-

fusion in the B800 band increases with excitation intensity in Sec. 4.2.2. A significant fraction

of the average absorbed energy is dissipated by radiationless decay and excites nuclear motions

of the protein matrix (phonons). If the system is prior to the optical excitation in an initial CS

there is finite probability that it will end up in a different CS after the excitation and subsequent

relaxation to thermal equilibrium. The dissipated energy exceeds the thermal energy signifi-

cantly and the space of conformational substates that can be probed is not restricted to the part

of the energy landscape that is thermally accessible and provides meaningful information about

the energy landscape of the protein.

4.3.3 Electronic couplings in a circular aggregate of molecules

In section 4.2.3 it was shown that the distribution of mutual angles between individual BChl

a molecules in the B800 ring covered nearly the whole range between 0◦ and 90◦ with slight

preferences for the values around 0◦, 20◦, 45◦ and 70◦. For some complexes temporal fluc-

tuations in the spectral position of individual absorptions as well as in the orientation of the

transition-dipole moment were observed.

Coupling between neighbouring chromophores

The question is how the observed polarisation of the optical transitions in an individual LH2

complex relates to the structure. The geometrical structure of the B800 ring in the LH2 com-

plex of Rs. molischianum yields an inter-chromophore distance of 22 Å. Assuming that the

electronic excitation of the B800 ring is strictly localised on a single BChl a chromophore one

expects that the mutual angles between the transition-dipole moments of the individual BChl a
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chromophores will be equal to multiples of 45◦, see Fig. 4.1C. However, the coupling between

two adjacent molecules will lead to eigenstates different from those of the uncoupled chro-

mophores and consequently to a change in the orientation of the transition-dipole moments.

The intra-complex variation in site energy has been measured in Sec. 4.2.1 and yields a broad

distribution ranging from 70 – 200 cm-1. From these values it is estimated that the average dif-

ference in site energy of two adjacent molecules, δ, is in the order of 10 – 40 cm-1 and that the

ratio V/δ between neighbouring molecules varies from about 0.5 – 2, as the nearest-neighbour

interaction strength V is about 20 cm-1 [54]. From this ratio it can be concluded that the in-

teraction strengths between the B800 BChl a molecules are in the weak to intermediate limit.

For the sake of brevity the following discussion is restricted to two adjacent BChl a molecules

with excitation energies E1 and E2 (E1 > E2). For the resulting energies and eigenstates of the

coupled system one finds

E± =
1

2
(E1 + E2) ±

1

2

√
δ2 + 4V 2 (4.17)

and

|Ψ+ > = cos
θ

2
|1 > + sin

θ

2
|2 > (4.18)

|Ψ− > = − sin
θ

2
|1 > + cos

θ

2
|2 >

where tan θ = 2V
δ

, δ = E1 − E2, and |i > denotes the excited state localised on molecule i.

From the two eigenstates one finds for the transition-dipole moments

~µ+ = ~µ1 cos
θ

2
+ ~µ2 sin

θ

2
(4.19)

~µ− = −~µ1 sin
θ

2
+ ~µ2 cos

θ

2

where ~µi denotes the transition-dipole moment of an individual BChl a molecule in the B800

ring. From Eq. 4.19 the orientations of the transition-dipole moments of the B800 BChl a

molecules have been calculated as a function of V/δ, see Fig. 4.15. The orientations of the

initial transition-dipole moments, corresponding to V/δ = 0, were set to 0◦ and 45◦. For

increasing V/δ the orientations of the transition-dipole moments ~µ+ and ~µ− change gradually

with respect to the initial orientations and level off at angles of 22.5◦ and 112.5◦ for values of

V/δ larger than about 6.
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Figure 4.15: Dependence of the orientation of the transition-dipole moments ~µ+ (upper curve) and ~µ− (lower

curve) on the ratio V/δ. The orientations of the initial transition moments ~µ1 and ~µ2 were set to 0◦ and 45◦ and

provide the reference frame.

From the range of values estimated for V/δ a distribution of mutual orientations with pref-

erences at 22.5◦ and 112.5◦ is expected. With the restriction to acute angles this amounts to

observed differences between the angular orientations of 22.5◦ and 67.5◦.

Taking into account BChl a molecules that are weakly coupled one expects, in addition, to

observe differences between the angular orientations of 45◦ modulo 45◦. In total this results for

the mutual orientations of the transition dipole moments in a distribution with preferential values

around 0◦, 22.5◦, 45◦, 67.5◦, and 90◦. Consequently, any observation of mutual orientations

of transition-dipole moments different from 0◦, 45◦ and 90◦, provides direct evidence for an

electronic coupling in the weak to intermediate range between the individual BChl a molecules

in the B800 assembly. The actual strength of the coupling is subjected to a distribution as a

result of the difference in site energies of adjacent molecules.

Temporal fluctuations of the coupling between two chromophores

In addition to spatial fluctuations of the coupling temporal variations were observed as well.

When analysing Fig. 4.11, an orientational change of the whole LH2 complex during the exper-

iment can be excluded from the behaviour of absorptions “3” and “4”. Two other absorptions are

only visible either during the interval A (absorptions “1” and “2”) or during interval C (absorp-

tions “2a” and “2b”). The two intervals are separated by a period B where absorption “1” shows

a drastic change in spectral position and where absorption “2” vanishes. The conjecture is that

the absorptions labelled “2a” and “2b” result from two molecules that become electronically

coupled during interval B, one of which has initially absorption “2” for the uncoupled situa-
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tion. This conclusion is based on the following arguments. Supposing that the transition-dipole

moments of the two uncoupled chromophores have initially a mutual orientation of 45◦, which

is valid for nearest neighbours the local ratio V/δ can be calculated using Eq. 4.19 from the

difference of the polarisation angles of absorptions “2a” and “2b”. For the observed ∆α = 67◦,

a ratio of V/δ = 1.07 ± 0.15 is obtained. Another way to calculate this ratio follows from (4.17)

if E+, E− and one of the unperturbed energies are known. Assigning E1 to absorption “2” and

E+ and E− to absorptions “2a” and “2b” yields V/δ = 0.95± 0.1, in agreement with the value

obtained from the polarisations. A further independent piece of information is provided by the

difference in angle of the transition-dipole moments ~µ1 and ~µ+ of the absorptions correspond-

ing to E1 and E+. From Fig. 4.15 a difference of 37◦±5◦ is predicted, in reasonable agreement

with the observed value of 30◦±5◦. So far, our interpretation yields a consistent description for

the absorptions “2”, “2a” and “2b”. However, for the absorption strength of the transitions “2a”

and “2b” one finds within this approach 1.6 and 0.4 monomer units while the experiment yields

about equal intensities for the two transitions. This discrepancy may reflect differences in the

energy transfer efficiency from the B800 to the B850 pigment pool, which are not taken into

account by the simple dimer approximation. The excited state of a B800 BChl a molecule can

decay radiatively (rate kr) or non-radiatively (rate knr) to the electronic ground state. The total

decay rate, k, is given as k-1 = k-1
r + k-1

nr. The most significant contribution to the non-radiative

decay rate results from the energy transfer to the B850 pigment pool since its energy transfer

time of a few ps is orders of magnitude faster than fluorescence (ns) or intersystem crossing

(ISC) to the triplet state (µs). In these experiments fluorescence-excitation spectroscopy was

performed which means that exclusively the fluorescence from the lowest excited state of the

B850 manifold at λ = 880 nm was detected. Therefore, the intensities of the absorptions of

the pigments in the B800 ring are determined by the decay to the B850 pigments. This rate

depends critically on various parameters such as the separation of the excited state energies or

the geometrical distance of the molecules involved. Consequently the two energetically distinct

electronically excited states of the coupled chromophores may have different energy-transfer

rates to the B850 pigment pool.

Possible explanations for the fluctuations in the electronic coupling are changes in the protein

backbone or rearrangements of the BChl a molecules in their binding pockets, for example

a rotation of the acetyl group or the breakage of hydrogen bonds as discussed extensively in

the previous section. Such changes alter the electrostatic environment of the individual chro-
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mophores and result in a shift of their absorption energies and consequently in changes of V/δ.

The structural perturbations are most probably light induced in these low-temperature measure-

ments, which is corroborated by the low fluorescence quantum yield of the LH2 complexes in

vitro [79].

4.4 Summary

In this chapter, the spectral properties of the BChl a molecules absorbing at around 800 nm in

the light-harvesting 2 complex from Rhodospirillum molischianum were discussed. Since the

geometric structure of the complex is known from x-ray crystallography [3], the spectroscopic

observations could be directly linked to its molecular structure. In the complex, eight of these

weakly coupled BChl a molecules are arranged in a ring — the so called B800 ring — featuring

C8-symmetry which implies an angle of 45◦ between the absorption transition-dipole moments

of neighbouring BChl a molecules.

The spectrum of a B800 ring of an individual LH2 complex generally shows several narrow

lines, indicating that the BChl a molecules absorb at slightly different excitation energies. This

spectral heterogeneity was characterised by the so called intra-complex disorder, reflecting the

spread of absorption lines within a complex. Comparing the spectra reveals that they are all

different from each other. All spectra consist of 2–6 absorption lines although the exact number

and the spectral position of the lines change from complex to complex. This behaviour was

quantified by the inter-complex disorder reflecting the difference of the spectral mean value

from one complex to the other. The ratio between inter- and intra-complex disorder could be

analytically modelled by assuming that the energetic disorder of the site energies of the B800

BChl a molecules is described a single random variable.

Looking closer at the B800 spectrum of an individual LH2 complex it could be uncovered that

the spectrum is not stable in time but undergoes changes that become apparent when recording

several spectra in a row. These spectral changes are most probably light induced as the quantum

yield of light-harvesting complexes in vitro is quite low [79] leading to thermal fluctuations

in the sample. The excess energy deposited into the system results in nuclear motion and the

induced structural fluctuations probe the space of conformational substates of the proteins in

the binding pockets of the BChl a molecules. This interpretation is supported by results from
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the experiments in Sec. 4.2.2 showing that the rate of spectral diffusion of the B800 absorptions

increases with excitation intensity.

A striking observation is the fact that the spectral diffusion in this system is not always a random

process. For several complexes, a type of simultaneous spectral diffusion was found for which

the fluorescence-excitation spectrum changed between two different realisations. In other cases

single absorption lines reversibly switched between two absorption energies separated by sev-

eral 100 cm-1 at a rate of about 103 s-1. On a smaller spectral scale all absorption lines showed

moderate spectral changes within several 10 cm-1 at a rate of about 0.1 s-1 leading to a broaden-

ing of the absorption line in the time average spectrum of all scans. Even the linewidth of an

absorption in a single scan was possibly slightly broadened due to unresolved spectral changes

within a few wavenumbers at a rate of about 10 s-1.

These three groups of spectral diffusion could be attributed to the presence of at least three dis-

tinct tiers in the hierarchically organised rugged energy landscape of the proteins surrounding

the B800 BChl a molecules. Each local minimum of the energy landscape corresponds to a

conformational substate of the protein, i.e. to a different arrangement of its atoms or equiva-

lently to a different shape of the protein. As several research groups have found spectral shifts

of similar orders of magnitudes resulting from structural rearrangements in the binding pocket

of the chromophore, it seems reasonable that the observed spectral shifts result indeed from

reorientations of the protein which forms the binding pocket of the BChl a molecule.

Many of the complexes that were studied featured a more complex temporal development of

the spectra due to simultaneous spectral jumps of multiple chromophores. Only for a small

fraction of LH2 complexes either the simple “two-state jumps” as for complexes 1 and 2 or

the “simultaneous spectral diffusion” behaviour as for complexes 3 and 4 were found. It is one

of the intriguing features of single-molecule spectroscopy to isolate such key processes which

might become essential for the development of a more general model of protein dynamics.

Another point addressed in this chapter was the possibility to look at the interaction between

neighbouring chromophores by applying polarisation dependent spectroscopy. These experi-

ments resulted in the finding that excitations of BChl a molecules in the B800 band are mainly

localised on individual molecules. However, the observation of mutual orientations of transition-

dipole moments different from 0◦, 45◦ or 90◦ — as predicted by the x-ray structure — provided

direct evidence for an electronic coupling in the weak to intermediate range between individual
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BChl a molecules in the B800 assembly. Also, temporal variations in the coupling strength

could be observed.

In summary, using single-molecule spectroscopy it could be shown that the chromophores in the

B800 band of LH2 from Rhodospirillum molischianum represent a heterogeneous entity. The

concept of the hierarchically organised rugged energy landscape of proteins could be confirmed

by studying the spectral diffusion of the BChl a molecules which is influenced by structural

reorientations of their binding pockets. It was also found that the chromophores act as sensitive

probes which monitor the local interaction between the individual pigments within the B800

assembly. The interaction strength was found to be subjected to a distribution as well as to

temporal fluctuation. These studies demonstrate that single-molecule spectroscopy provides

a unique method to reveal details of intermolecular interactions in the weak to intermediate

coupling limit that is inaccessible by other experimental methods.
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Chapter 5

Line shapes of the B800 absorptions

In the previous chapter fluorescence-excitation spectra of the B800 band of LH2 from Rho-

dospirillum molischianum were studied extensively and it was observed that the consecutively

recorded spectra differed from spectrum to spectrum. Merely looking at temporal averages will

not reveal all information hidden in the spectra and therefore, in this chapter, a pattern recogni-

tion approach using multivariate statistical analysis (MSA) was applied to analyse the spectral

diffusion patterns of the B800 band.

5.1 Multivariate statistical analysis

5.1.1 The MSA algorithm

Multivariate statistical analysis has been used in a wide area of fields such as the comparison

of the amino acid sequence of proteins to discover similarities between proteins from differ-

ent species [152] or the reconstruction of the three dimensional structure of large biological

macromolecules (e.g., proteins) from 2D projections in electron cryo-microscopy ([153, 154]

and references therein). In the latter case the sample consists of the protein to be studied in

an aqueous solution which has been shock-frozen. The raw images of this sample taken in the

73
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Figure 5.1: Schematic drawing of a n-dimensional vector space spanned by the eigenimages of a set of images.

Each image is represented by a point in the space. A pattern recognition approach such as the multivariate statistical

analysis groups similar images into classes (depicted by the clouds) thereby minimising the internal variance of

the classes and maximising the variance between classes.

electron microscope are 2D projections of the protein in different orientations. The average of

all raw images would not improve the signal-to-noise ratio (SNR) of the individual images as it

would average over all possible orientations of the protein.

A solution to this problem is given by the MSA approach. Its main purpose is to act as a kind of

pattern recognition technique and to group similar looking images into classes. Then the images

within a class represent 2D projections from proteins with (nearly) identical orientation and the

average of all images within a class significantly improves the SNR ratio. In a last step the

relative orientations between the 2D projections of the classes have to be determined in order to

fully reconstruct the 3D structure of the protein.

The MSA algorithm considers the raw images as a linear combination of main eigenvectors

— in this case eigenimages — of the set. The eigenimages span a n-dimensional vector space

and each raw image can be represented by a single point in this space, thereby decreasing the

amount of data and facilitating its interpretation. After determining the eigenimages, the raw

images are grouped into classes according to their alikeness each image becoming a member of

one of the classes. The classes can be seen as clouds of points in the n-dimensional vector space

as shown schematically if Fig. 5.1. The number of classes can be chosen freely but should be

small with respect to the number of images. The classification algorithm is aimed at minimising

the internal variance of the classes while at the same time maximising the variance between the
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centres of mass of the class averages. Thus the datapoints within each cloud should be as close

together as possible whereas the distance between the clouds should be as large as possible.

More information can be found in [152, 154].

5.1.2 Using MSA in spectroscopy

In the previous chapter it was described that the narrow absorption lines in the B800 band of

LH2 are subjected to spectral diffusion. In some cases it was observed, that individual absorp-

tion lines switched reversibly between two distinct spectral positions whereas in other cases a

type of simultaneous spectral diffusion was found in which the fluorescence-excitation spec-

trum of a complex changed between two different realisations. This classification into two

realisations of complexes 3 and 4 in Figs. 4.7 and 4.8 was done by eye. By looking at the

presence of one of the more prominent absorption lines it was decided whether the particular

scan was assigned to realisation A or B. Similarly, the switching behaviour of the absorption

lines of complexes 1 and 2 in Figs. 4.4 and 4.5 accidently stroke the eye when browsing through

the spectra. Only then the auto-correlation was calculated which confirmed the initial assump-

tion. However, the method of visual inspection is very susceptible to the objectiveness of the

observer. Visual perception is apt to see all kinds of patterns in data with a low signal to noise

ratio. Therefore, only very prominent dependencies are reliably detected and weak features can

easily be overlooked.

Looking at the spectral diffusion in more detail, smaller spectral jumps were found to contribute

to a broadening of the averaged linewidth of an absorption as discussed in section 4.2.2. This

type of spectral diffusion was eliminated by fitting the individual spectra with a Lorentzian and

shifting each scan according to the fit maximum. However, in doing so detailed information

about the line shapes of the individual scans was lost due to averaging of all line shapes. This

raises the question whether the analysis of individual scans can be done by a computer, since it

is in principle not biased and can handle large amount of data. The task of a computer program

would be to classify the sequentially recorded scans into groups of similar spectra.

The IMAGIC-5 image processing system (Image Science, Berlin) is a software package which

has been especially developed by van Heel and coworkers for the purpose of classifying images

into groups of similar images using the multivariate statistical analyses approach [152–154]

which was described in the previous section. In this chapter the IMAGIC-5 software was first
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applied for the analysis of the spectral diffusion patterns (i.e., the series of scans) of two com-

plexes which were already analysed by eye in the previous chapter. To process spectra with the

IMAGIC-5 software, the sequentially recorded scans were treated as a series of one-dimensional

images. This first application of the software was meant as a reference to see whether the soft-

ware is suitable for the application in spectroscopy. From the analysis of the example spectra

it was obvious that the MSA algorithm proved to be useful in analysing spectroscopic data al-

though it was found that a large series of successively recorded spectra is needed to obtain a

high enough signal-to-noise ratio to make any quantitative statements on the outcome of the

analysis.

Therefore, in the next step, an analysis was carried out on a complex for which as many as 7700

scans were recorded, in this way improving statistics enormously compared to the 35 or even

256 scans for the complexes of the reference analysis. This resulted in detailed information

about the line shapes of the individual BChl a absorptions in the B800 band which were found

to consist of a zero phonon line and a phonon side band. From their ratio, the Huang-Rhys factor

could be determined, which is a measure for the strength of the electron-phonon coupling in the

B800 ring. The shapes of these lines could neither be resolved in a spectrum obtained from a

single scan as the signal-to-noise ratio is too poor nor from the sum of successively recorded

scans as the line shape is washed out by the averaging process.

5.2 Pattern recognition on two example spectra

In this section, the IMAGIC-5 software was employed for the analysis of the B800 absorptions

of two LH2 complexes from Rs. molischianum, complex 1 (Sec. 4.2.2, Fig. 4.4) representing

an example for spectral switching and complex 3 (Sec. 4.2.2, Fig. 4.7) representing the simul-

taneous occurring spectral diffusion.

5.2.1 Application to simultaneous spectral diffusion

Analysis

The first spectral diffusion pattern that was analysed (complex 3 discussed in Sec. 4.2.2) is

shown in the left panel of Fig. 5.2A. It was found that the pattern consists of several blocks of
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Figure 5.2: Multivariate statistical analyses on complex 3. (A) In the left panel the scans are shown versus

wavenumber in a two dimensional representation. The right panel shows scan number versus class number in

which a black entry indicates that the specific scan is member of that class. (B) The spectra that result when all

scans within each of the two classes are averaged.

similar looking scans. Going from one block to the next the pattern of absorption lines changes

as several absorption lines in the B800 band simultaneously change their transition energy. By

looking at the average spectra of the blocks it was observed that the fluorescence-excitation

spectrum varied recurrently between two different realisations.

The result of the analysis with the IMAGIC-5 software for this complex can be seen in Fig.

5.2 when classifying the spectra into two classes. In the right panel in (A) the scan number is

shown versus the class number, in which a black entry means that the specific scan is member

of that class. It is clear that each time an absorption is present at the spectral position of about

12600 cm-1 the scan is placed in class 1. The small spectral excursions of this absorption during

scans 21–28 have no effect on the classification. The spectra in (B) show the average of all

scans within each of the two classes.

Discussion

The IMAGIC-5 software was assigned to classify the B800 band fluorescence-excitation spec-

tra of a LH2 complex featuring simultaneous spectral diffusion into two classes (Fig. 5.2A) of

which the average spectra are shown in Fig. 5.2B. Comparing these with the spectra of the two

realisations of the same complex (Fig. 4.7) which were classified by eye shows clear analogies

between realisation A and B and class 2 and 1, respectively. Apparently, the IMAGIC-5 soft-
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ware comes up with the same classification as was obtained by visual inspection and proves to

be useful in discriminating the spectra of two different realisations of a complex.

5.2.2 Application to spectral switching

Analysis

The second spectral diffusion pattern that was analysed (complex 1 discussed in Sec. 4.2.2)

is shown in the left-most panel of Fig. 5.3A in a two-dimensional representation. The pattern

is characterised by the recurrent disappearance of one absorption line only together with the

appearance of one new line at a different spectral position. For the complex analysed one ab-

sorption switched between the spectral positions marked by a an a′ whereas a second absorption

switched between positions b and b′ independently from the other absorption.

The result of the spectral pattern analysis of this complex by the IMAGIC-5 software is dis-

played in Fig. 5.3. Here, in the left and centre panel of (A) the scan number is displayed versus
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Figure 5.3: Multivariate statistical analyses on complex 1. (A) In the left-most panel the scans are shown versus

wavenumber in a two dimensional representation. The centre and right-most panels show scan number versus class

number for the classifications into two and 16 classes, respectively. A black entry indicates that the specific scan

is member of that class. (B) In the upper and centre panel, the spectra that result when all scans within each of

the classes are averaged are versus wavenumber for the classification into two and 16 classes, respectively. The

fluorescence intensity is given by the grey code. In the lower panel the fluorescence-excitation spectrum is shown

that results when all scans of the measurement are averaged. a, a′, b and b′ indicate the absorption lines which

were discussed in Sec. 4.2.2.
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class number for a classification into two and 16 classes, respectively. Looking at the classi-

fication into two classes (centre panel, Fig. 5.3A), it is interesting to observe that the software

divides the scans into two halves. The first half ranges from scan 1–74 and the second from

scan 75-256. However, a difference between scans from the first half and the second half is not

clearly visible by eye. If the spectra are grouped into 16 classes, the distinction between the two

halves is maintained by the software as can be seen from the right-most panel in (A). Classes

1–12 only comprise scans from the second half of the spectrum whereas all scans from the first

half of the spectrum are assigned to classes 13–16.

The spectra that result when the scans within each class are averaged are depicted in the upper

panel of Fig. 5.3B for the case of two classes and in the centre panel for the 16 class classifica-

tion. In contrast to Fig. 5.2B where the average spectrum of each class is shown as a 2D intensity

versus wavelength diagram, here the spectra are shown as 1D plots of the wavelength, in which

the averaged fluorescence intensity is given by the grey code. The different spectra are stacked

on top of each other which allows to present the average spectra of all 16 classes is a compact

way. In the lower panel of (B) the spectrum is shown when all scans of the measurement are

averaged as an intensity versus wavenumber diagram.

Discussion

The analysis of a complex featuring spectral switching (complex 1) was chosen such, that the

spectra were classified into 2 and 16 classes, respectively, displayed in the upper and centre

panel of Fig. 5.3B, respectively. A closer look at the latter classification reveals that the four

absorption lines labelled a, a′, b and b′ do not all occur simultaneously within any of the classes.

In Tab. 5.1 the occurrence of an absorption line within a class is indicated by a “∗”-symbol. The

majority of classes (13) comprises two absorption lines, two classes contain only one absorption

line whereas class 2 includes three absorption lines. An interesting observation is the fact that

in neither of the classes lines a and a′ occur together. Lines b and b′ only occur together in class

2 and here line b′ is very weak compared the other lines in this class. All other combinations

(i.e., a–b, a′–b, a–b′ and a′–b′) do occur in one or several of the classes.

Based on these findings the classes were grouped into four types: type 1 contains classes in

which lines a′ and b′ occur, type 2 was defined for a and b′, type 3 for a′–b and type 4 comprises

all classes in which lines a and b are present. The spectra that result when all scans belonging
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class 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

line a ∗ ∗ ∗ ∗ ∗ ∗
line a′ ∗ ∗ ∗ ∗ ∗ ∗ ∗
line b (∗) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
line b′ ∗ ∗ ∗ ∗ ∗ ∗
type 1 - 3 3 - 3 4 3 4 3 - - 2 1 4 4

Table 5.1: Grouping of the 16 classes into four types. The occurrence of an absorption line within a class is

indicated by a ∗-symbol. Type 1 comprises classes in which absorption lines a′ and b′ occur simultaneously. Type

2 comprises classes in the same way for lines a–b′, type 3 for a′–b and type 4 for lines a–b. Classes in which only

one line or no absorption lines occur are not assigned to any group.

to the same type are averaged are shown in Fig. 5.4.

In Sec. 4.2.2 it was found that a–a′ as well as b–b′ are pairs of anti-correlated lines. The emis-

sion of a pair probably stems from one absorber which can switch between two different states

resulting in unequal absorption energies. However, the intensity fluctuations of a–a′ are inde-

pendent from those of b–b′, i.e., the two absorbers switch independently from each other. These

results are reflected in the classification scheme resulting from the multivariate statistical anal-

ysis of the IMAGIC-5 software. The fact that the combinations a–a′ and b–b′ do not appear in

the classes whereas all other combinations do occur shows that the software could detect the

correlation within and the absence of correlation between the pairs of absorption lines.
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Figure 5.4: Spectra of the B800 band of complex 1 that result when the scans of all classes within each of the

four types are averaged. The lines a–a′ and b–b′ do not occur simultaneously in any type.
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5.3 The shape of the absorption lines in the B800 band

From the results of the previous section it is evident that the MSA algorithm provides useful

information on spectroscopic data. Using several tens or several hundreds of spectra, spectral

diffusion processes could be followed in time. However, the number of spectra per class was

rather low resulting in a low SNR for the average class-spectrum. This made it difficult to group

the classes of the example on spectral switching into distinctly different types. In order to obtain

more detailed information about the B800 absorptions statistics needs to be improved.

In addition most of the complexes studied exhibited a more complex temporal development

of the spectra due to simultaneous spectral jumps of multiple chromophores. This prohibits

unambiguous assignment of spectral features at different time intervals as belonging to one

particular BChl a molecule by eye. Only for a relatively small fraction of the complexes simple

”two-state” jumps of individual absorptions have been observed, facilitating a clear assignment

of the ”jumping partners”. Such spectral diffusion patterns should be analysed by a computer

with the help of especially developed software tools.

Therefore, in this section the IMAGIC-5 software was used to analyse the spectral diffusion

pattern of the B800 ring of a single LH2 complex from Rhodospirillum molischianum consist-

ing of several thousand scans. By applying the MSA algorithm to such a large number of scans

detailed information about the line shape of the individual B800 absorptions could be gained.

A zero-phonon line together with a phonon side band could be identified. The resulting Huang-

Rhys factor of about 0.4 implies a weak electron-phonon coupling for the chromophores in the

B800 ring.

5.3.1 Experimental

To obtain a statistically significant number of spectra a single LH2 complex from Rhodospir-

illum molischianum was studied for 35 hours in total, measuring subsequently at 4 days in a

row. As the bath cryostat can only be kept at 1.4 K for about 12–14 hours before the helium

is used up the measurement had to be stopped every evening. By the morning of the next day,

the sample inside the cryostat had reached a temperature of about 50–100 K and the cryostat

was refilled and cooled down again to 1.4 K. A wide-field image of the sample was taken which
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(a) (b)

10 µm

Figure 5.5: Widefield image of a sample of LH2 complexes from Rs. molischianum taken on two successive days.

The same complex, indicated by the cursor cross, can clearly be identified on both images.

presents a characteristic assembly of bright dots and the same complex that was studied the day

before could be identified within this assembly, see Fig. 5.5. In total 7700 consecutive scans

were recorded whereby after each scan the polarisation of the incident laser light was rotated

by 1.8◦. The number of scans taken on day 1, 2, 3 and 4 were 1600, 2000, 2100 and 2000,

respectively.

5.3.2 Analysis

In Fig. 5.6A the sequence of 7700 scans is shown. The average of all scans is given in the

lowest trace of part (B). The end of a day’s measurement is indicated by arrows on the right

side of the spectral diffusion pattern. Between the end of day 1 and the beginning of day 2, the

spectral diffusion pattern does not seem to change. Between days 2–3 and 3–4 the spectrum

does change, although the overall appearance of the diffusion pattern, especially the absorption

at about 12050 cm-1 is still similar to that of the preceeding days, a clear indication that the

spectral diffusion pattern — and hence the complex itself — is not disturbed by the recurrent

heating and cooling.

The IMAGIC-5 software was set to classify the scans into 50 classes, resulting in about 150

scans per class, which is about the normal number of scans for a whole measurement on one

complex in chapter 4. For each class, a class-spectrum was calculated by averaging all scans in

the class. As an example, the average of all scans within a class is shown for four classes in the

upper four traces of Fig. 5.6B. Each class-spectrum consists of one or more narrow lines and

some less intense broad features. To get an indication for the high signal-to-noise ratio of these
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Figure 5.6: Multivariate statistical analysis on a complex of which the spectra were measured for 35 hours. (A)

Sequence of 7700 consecutively recorded spectra in a two-dimensional representation displaying polarisation of

the incident laser light versus wavenumber. The fluorescence intensity is given by the grey scale. The arrows

indicate the end of the measurement on each day. (B) The lowest trace represents the average of all 7700 scans, the

one but lowest trace shows a spectrum resulting from a single scan, the second but lowest trace a spectrum that was

derived by manually averaging a sequence of 120 similar looking scans and the upper four traces display examples

of the averaged spectra of four out of 50 classes.

class-averages the spectrum derived from a single scan is given in the one but lowest trace in

the right panel. Only two narrow lines are visible, other less intense features are hidden in the

background noise.

When looking closer at the line shape of the individual B800 absorptions an asymmetry is

found. A small side band – indicated by the arrows in the spectra in Fig. 5.6B — is present

at the high-energy side for all lines in the averaged class spectra. This side band can not be

found in the average spectrum of all scans (lowest trace in Fig. 5.6B) as it is merged with the
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inhomogeneously broadened absorptions, whereas for the spectrum of a single scan (one but

lowest trace in Fig. 5.6B) it is not visible due to the low SNR. If a sequence of 120 similar

looking scans at around scan number 2500 is averaged (second but lowest trace in Fig. 5.6B),

a weak broad sideband can be anticipated for the left-most narrow absorption. However, for

the absorptions at around 12450 cm-1 the broad sidebands are not visible as the absorptions

overlap spectrally. Also, in the case where residual spectral diffusion of an absorption line

was removed by fitting each scan with a Lorentzian and shifting the scan such that the maxima

coincided (Fig. 4.6) no asymmetry in the line shape was observed. The reason might be that the

methods still involves an averaging process over all the different line shapes obtained during

the measurement. And going through the B800 band spectra in chapter 4 which each comprise

about 35–400 scans yields that these side bands are not visible.

5.3.3 Discussion

It was found that in the average spectrum of all scans the absorption lines are broadened due to

spectral diffusion processes and the exact line shape of the individual B800 absorptions can not

be extracted from the spectra. In contrast, the IMAGIC-5 software groups those spectra into the

same class for which the line shapes of the absorptions are similar thereby eliminating much of

the spectral diffusion and unravelling a line shape of a B800 absorption that consists of a narrow

peak accompanied by a weak broader feature at the high energy side.

The small side band is indeed a real part of the line shape of an absorption as can be seen
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Figure 5.7: Fluorescence-excitation spectrum of the B800 band of an individual LH2 complex from Rhodopseu-

domonas acidophila at 1.4 K. The spectrum features only one narrow absorption line together with a well resolved

broad side band marked by the arrow. Adapted from [143].
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from a spectrum of a B800 band of LH2 from Rhodopseudomonas acidophila recorded by van

Oijen et. al [143], Fig. 5.7. In this spectrum only one absorption line was found. Therefore,

the authors assumed that the variation in site energy of the BChl a molecules in this complex

was very small, at least smaller than the dipolar interaction strength. As a result, the excitation

might have been coherently delocalised over a substantial number of BChl a molecules of the

B800 ring. This assumption is supported by the high count rate of the absorption. Owing to

the concentration of the oscillator strength of all BChl a molecules in the B800 ring into one

absorption the signal-to-noise of this absorption is very high and a pronounced side band at the

larger wavenumber edge marked by the arrow is visible.

The question arises how these narrow lines and broad bands can be interpreted. In this concern

it is helpful to look at a theory from Jang and Silbey [155, 156] that describes the line shapes in

a multichromophoric macromolecule, i.e., a macromolecule with multiple centres of excitation.

Line shapes of a multichromophoric macromolecule

In a multichromophoric macromolecule (MCMM), interaction between the chromophores can

lead to a coupling of their excited states forming an exciton manifold. The absorption and

emission line shapes of this manifold will be affected by intramolecular motions and fluctua-

tions in the environment. Fast dephasing and relaxation dynamics of the excitonic states will

cause homogeneous broadening of the lines whereas structural and energetic fluctuations much

slower than the lifetime of the excited state result in inhomogeneous broadened lines as dis-

cussed in section 2.2.2. In ensemble spectroscopy these slow fluctuations may not be noticeable

if their distribution is narrower than that of the static disorder in the system. However, in single

molecule spectroscopy (SMS) fluctuations can accumulate during the timescale of the experi-

ment thereby substantially affecting the observed line shape.

Although many experiments have been performed using single-molecule spectroscopy only few

have considered the information retained in the experimental line shapes [157–160]. In [155]

Jang and Silbey have developed a theory that accounts for the two major line broadening con-

tributions. They introduce the concept of an “ideal line shape” (ILS) of a MCMM. For this

concept they categorise the degrees of freedom in the system into two categories depending on

the timescale at which they occur. The microscopic degrees of freedom that are slower than the

lifetime of the excited state but much faster than the measurement time are characterised by a
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Figure 5.8: Schematic sketch of the interaction (indicated by the arrows) of a chromophore with its environment.

The microscopic degrees of freedom of the environment Γ(t) are indicated by two level systems for two times

t1 < t2 and the ground and excited state energies of the chromophore are indicated by S0 and S1, respectively.

The occupation of the two level systems fluctuates in time which is reflected by a change in the excited state energy

of the chromophore.

value called Γ(t). All other slow degrees of freedom are assumed to contribute as time depen-

dent fluctuations of the parameters entering the system Hamiltonian. The ILS is the line shape

resulting from the hypothetical situation in which an experiment can be conducted on a single

MCMM with a fixed value of Γ(t). In Fig. 5.8 a hypothetical situation is sketched in which

the degrees of freedom in the environment of a chromophore are indicated by two level systems

(TLS) for two different times, t1 < t2. The fluctuations in the environment between t1 and t2 are

indicated by different occupations of the TLSs and are reflected in the change of the transition

energy of the chromophore. Single-molecule spectroscopy involves multiple excitations over a

long measurement time during which Γ(t) fluctuates. It is clear that an accumulation of such

changes of the excited-state energy results in a broadening of the absorption line shape of the

chromophore and. Consequently, the measured line shape will appear broader than that of the

ILS.

The line shape extracted by the MSA algorithm

In summary, Jang and Silbey clearly showed that the line shape of an absorption of a multi-

chromophoric macromolecule (MCMM) derived from single-molecule spectroscopy is different

from its ideal line shape, which is the line shape in the absence of slow structural and energetic

fluctuations, i.e., without any inhomogeneous broadening effects.

The question that arises is whether the pattern recognition approach using the MSA algorithm
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Figure 5.9: Fit of the class average spectrum of class nr. 5 with a two-fold Lorentzian. The experimental data is

shown in grey, whereas the fitted data is shown in black. The bold black curve indicates the two-fold Lorentzian

and the slim black lines the individual Lorentzian curves.

has extracted the ideal line shape from the series of SMS spectra. As a large number of spectra

was recorded, the environment of the complex will have been in the same configuration (i.e.,

have had the same Γ) for some of the spectra. This group of spectra do not show any type

of spectral diffusion and the average of the spectra that have been recorded at different times

would comprise the ideal line shapes of the B800 absorptions. By looking at Fig. 5.8 it becomes

immediately clear that the transition energies of the chromophores depend on Γ. For equal val-

ues of Γ, the transition energies will be equal and the fluorescence-excitation spectra will look

alike. The IMAGIC-5 software groups similar looking spectra together and the interpretation

is that each class comprises spectra that have been recorded at times during which the system

featured similar values of Γ. Then, the average class-spectrum would consist of or get close to

the ideal line shapes of the B800 absorptions for a specific configuration of the complex and its

environment.

Thus, the narrow peak and the small side band in the B800 absorptions are attributed to closely

resemble the ideal line shape of a B800 chromophore absorption. The small broad band is

thought to represent a phonon side-band (PSB) of the narrow and intense absorption which

itself is assigned to represent the zero-phonon line (ZPL) as described in Sec. 2.2.2. The full

widths at half maximum, intensities, and spectral distance could be determined for the ZPL and

PSB (see Tab. 5.2), from the absorption lines indicated with an arrow in Fig. 5.6B by fitting the

absorptions with a two-fold Lorentzian, see for an example Fig. 5.9.
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Parameter
Rs. molischianum

(this work)

Rps. acidophila [75]

(literature)

LH complexes [161]

(literature)

FWHM of ZPL 4–8.4 cm-1 ≈ 5 cm-1

FWHM of PSB 21–73 cm-1 30–40 cm-1

ωm 22–56 cm-1 20–30 cm-1 ≈ 20 cm-1

CDW 0.43–0.81 0.74 0.6

S 0.21–0.84 0.3 0.5

Table 5.2: Parameters of the ZPLs and PSBs of LH2 complexes from Rs. molischianum (Fig. 5.6B) at 1.4 K, Rps.

acidophila at 4.2 K [75] and average values for several light-harvesting complexes at 4.2 K [161]. ωm denotes the

mean phonon frequency, i.e., the distance between the ZPL and the PSB, CDW the Debye-Waller factor and S the

Huang-Rhys factor as defined in Eq. 2.5.

The assumption, that the narrow line and the broad side band are a zero-phonon line and a

phonon side-band leads to the conclusion that the electron-phonon coupling is very weak in

the B800 ring of the LH2 complex from Rs. molischianum. This finding is corroborated by

persistent spectral hole burning measurements that were used to study electronic structure and

energy relaxation in a large number of antenna complexes [110, 161]. In all cases the electron-

phonon coupling for the Qy states was found to be weak even when the complex possesses a

structural unit containing several strongly exciton-coupled BChl molecules such as the LH1 and

the B850 ring in the LH2 complexes [162, 163]. The Huang-Rhys factor was on average 0.5 and

the distance between the ZPL and the PSB 20 cm-1 [161]. Because the electron-phonon coupling

is weak in the antenna complexes, the PSBs were dominated by the one-phonon profile.

Comparing the measured data on Rs. molischianum with the hole-burning data on Rps. aci-

dophila in the literature it can be seen that the mean phonon frequency and the width of the

phonon distribution is slightly larger for Rs. molischianum, Tab. 5.2. Whether this is significant

of not is not clear and deserves further investigation. In contrast the Huang-Rhys factor is in

agreement with the data from literature.



5.4: Summary 89

5.4 Summary

The IMAGIC-5 software was applied to the analysis of several LH2 complexes. By multivariate

statistical analysis, the consecutively recorded scans were grouped into classes of similar scans.

First, the software was tested for its applicability on spectroscopic data on two previously anal-

ysed complexes featuring different types of spectral diffusion. In the case of simultaneous

spectral diffusion where a complex can change between two different realisations featuring

two distinct fluorescence-excitation spectra the software classified the spectra belonging to the

same realisations into the same group. In the case of spectral switching where two absorbers

switched independently from each other between two different absorption frequencies the soft-

ware could detect the correlation within and the absence of correlation between the pairs of

absorption lines. Thus, the software proved to be useful in analysing spectroscopic data from

single-molecule experiments.

In the second step, a complex for which a huge numbers of scans had been recorded was anal-

ysed. The IMAGIC-5 software could extract details about the line shape of individual ab-

sorptions by eliminating inhomogeneous broadening due to spectral diffusion within a small

wavenumber region. The line shapes extracted by the software were thought to represent the

ideal line shapes (ILS) of a B800 BChl a absorption in the LH2 complex from Rs. molischi-

anum according to the theory of Jang and Silbey [155]. A broad side band was found at the

larger wavenumber side of the absorptions which was interpreted as a phonon side band. From

the relative intensities of the ZPL and the PSB, the Huang-Rhys factor was found to range from

0.21–0.84 indicating that the B800 band is dominated by very weak electron-phonon coupling.

An application for the IMAGIC software might also lie in the analysis of the B850 band of LH2

For this band normally two broad absorption bands are observed in the fluorescence-excitation

spectrum whose line shapes appear identical in low temperature single-molecule experiments.

However, the ideal line shape theory from Jang and Silbey predicts that the linewidths of the

two bands should be different [155, 156]. It would be interesting whether an analysis of the

B850 band of LH2 with the IMAGIC-5 software could reveal this difference.
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Chapter 6

The B850 band of LH2

from Rhodopseudomonas acidophila

In the B800 ring of LH2 it was observed that the distance between the chromophores was about

20 Å leading to an interaction strength between the chromophores of V ≈ 20 cm-1. The width ∆

of the Gaussian distribution of site energies (i.e., the intra complex disorder) was determined as

280 cm-1. This width ∆ should not be confused with the average difference in site energy of two

adjacent molecules δ. The ratio V/∆ � 1 is consistent with the picture that the chromophores

in the B800 ring feature a weak to intermediate coupling and that the excitations are mainly

localised on individual chromophores.

For the B850 ring in the LH2 complexes the situation is completely different. The small

chromophore-chromophore distance of less than 10 Å leads to an interaction strength of V ≈
250 cm-1, whereas the amount of diagonal disorder in the B850 band ∆ ≈ 250 cm-1 is similar

to that of the B800 band [25, 26]. Therefore, the ratio V/∆ is about 1, which is consistent

with the interpretation that the excitations are completely delocalised over the pigments in the

B850 ring. The observed fluorescence-excitation spectra are dominated by two broad absorp-

tion bands featuring a mutual orthogonal polarisation dependence, which result from the circular

k = ±1 exciton states of such a coupled system.

91
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In a series of papers [25, 26, 112] these absorptions in the B850 band of individual LH2 com-

plexes from Rps. acidophila were analysed in view of their energetic separation, their intensity

ratio and the mutual orientation of the related transition-dipole moments. From the distributions

of these parameters the amount of energetic and structural disorder in the LH2 complexes was

estimated and it was suggested that the LH2 complexes might be significantly elliptically de-

formed. However, the conclusions were drawn on the basis of 24 LH2 complexes. The statisti-

cal significance of the distributions might therefore be questioned and more detailed statements

about the random and correlated disorder in the B850 band could not be made.

In this chapter measurements on the B850 band of LH2 complexes from Rps. acidophila were

conducted using a novel experimental technique allowing to measure as many as 146 complexes

in several days as opposed to weeks needed for the 24 complexes in the experiments described

in the literature. The results agree with the outcome of the previous experiments, but the new

approach allows to extract much more detailed information at a higher statistical significance.

6.1 Geometric structure of the B850 ring

The light-harvesting 2 complex from Rps. acidophila consists of — similar to the LH2 complex

from Rs. molischianum which was discussed in Sec. 2.1.2 — αβ-heterodimers which non-

covalently bind one B800 and two B850 BChl a molecules as well as two carotenoids. The main

difference is the nine-fold symmetry of Rps. acidophila in contrast to the eight-fold symmetry

of Rs. molischianum [2, 4]. The arrangement of the chromophores in the B850 ring is shown

in detail in Fig. 6.1 together with the orientations of their Qy absorption dipole moments. The

Mg-α-B850 to Mg-β-B850 distance is 9.6 Å within a dimer and 8.9 Å between dimers.

8.9 Å 9.6 Å

{ {{

dimer

Figure 6.1: Detailed view on the spatial arrangement of the B850 BChl a pigments from Rhodopseudomonas

acidophila. The phytyl chains are omitted for clarity. The numbers indicate the inter- and intra-dimer centre to

centre distances of the pigments. The arrows indicate the orientation of their Qy transition-dipole moments.
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6.2 Electronic structure of the B850 ring

The numerical derivation of the spectrum of an aggregate of closely interaction pigments was

discussed in Sec. 2.2.3 and it was shown that random and correlated disorder in the site energies

as well as in the interactions influence the appearance of the spectra. In previous work by van

Oijen et al. [25], Ketelaars et al. [26] and Matsushita et al. [112] it was concluded that a

correlated C2-type of disorder had to be present in the system. This was introduced through

a modulation of the interactions, which led to the assumption that the ring was structurally

deformed into an ellipse with an deformation amplitude δr/r0 ≈ 7–8.5%, where r0 is the radius

of the unperturbed ring and the long and short axes of the ellipse deviate from r0 by δr [25, 26,

112] . The C2-type perturbation was expressed as a cos(2θ) modulation of both the nearest- and

second-neighbour interaction energies, where θ gives the angular position of the pigment in the

ring.

In general, the C2-type perturbation can be introduced into the off-diagonal elements of the

Hamiltonian (i.e., the interaction) as done in the literature as well as through a cos(2θ) modu-

lation of the diagonal elements (i.e., the excited state energies). The Hamiltonian including the

random diagonal and correlated diagonal and off-diagonal disorder reads:

H =
18∑

n=1

{E0,n + Emod cos(2φn) + δEn} |n〉 〈n|

+
18∑

n=1

{
V0,n + Vmod cos

[
2φ(n +

1

2
)
]}

[|n〉 〈n + 1| + H.c.]

+
18∑

n=1

{W0,n + Wmod cos [2φ(n + 1)]} [|n〉 〈n + 2| + H.c.] , (6.1)

where E0,n denotes the site-energy of the individual pigment, V0,n and W0,n are the nearest-

and second-neighbour interactions, respectively, Emod, Vmod and Wmod are the amplitudes of

the modulation of the energies, the nearest- and second-neighbour interaction, respectively,

φ = 2π/N , with N = 18 the number of pigments in the ring and H.c. stands for the Hermitian

conjugate of the preceeding term. The amplitude Wmod was taken to be 12% of Vmod based on

the assumption that Vmod and Wmod scale similarly as V0,n and W0,n. In this work, the inter-

pigment interactions are taken into account up to second neighbours. Each αβ-heterodimer

binds two B850 chromophores which is taken into account by introducing a dimerisation into



94 Chapter 6: The B850 band of LH2 from Rhodopseudomonas acidophila

the ring and assigning different site-energies to the α- and β-bound pigments [26]. As a dimer,

the αβ unit with the tail-tail configuration of the Qy transition-dipole moments was chosen.

The cos(2θ), or C2-type of perturbation couples only excited states that have a difference of their

quantum number ∆k = ±2. The dominant effect of the modulation is the coupling between the

k = ±1 states. Their degeneracy is lifted and the oscillator strength is redistributed among the

exciton states. Obeying the ∆k = ±2 selection rule, only the energetically close k = ±3 states

gain significant oscillator strength, whereas the C2 perturbation does not give rise to an extra

oscillator strength of the k = 0 state. Its oscillator strength results from the presence of random

disorder only.

The energy transfer among the B850 chromophores is about 100 fs [76–78], and consequently

the states are assigned a homogeneous linewidth of 100 cm-1. The lowest exciton state has a

relative long fluorescent lifetime of approximately 1 ns [79]. However, as the experimentally

observed linewidth is determined by the spectral resolution of the measurement it is assigned a

linewidth of 1 cm-1.

In the previous work mentioned before [25, 26, 112] it was found that fluorescence-excitation

spectra of the B850 band of individual LH2 complexes are dominated by few broad absorptions

(see also Fig. 6.3). The gross spectral features were compatible with the exciton model of

a circular aggregate of nine dimers as described in Sec. 2.2.3 and the two lowest energetic

absorptions were assigned to the low energy k = ±1 exciton states. This assignment was done

on the basis of the observation that the transition-dipole moments are orthogonal and lie in

the plane of the ring. Further support for the model came from the observation of a narrow

absorption line at the red edge of the lowest energetic of the k = ±1 bands in some of the

spectra. Additional broad absorption bands at higher energies were attributed to higher exciton

states. The lifting of the degeneracy of the k = ±1 states and the appreciable oscillator strength

of the k = 0 and the higher exciton levels was ascribed to random disorder in the excited

state energies together with a perturbation of the circular symmetry of the LH2 complexes from

which it was inferred that the LH2 complexes were subjected to an elliptical deformation.

For most spectra, the narrow k = 0 absorption line was not observed. It was found that this

line undergoes fast spectral diffusion processes and it was assumed it could be “smeared out”

in the underlying broad absorption band which prevents it from being observed in the spectra.

However, its oscillator strength still adds to the observed intensity of the red-most absorption
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Figure 6.2: Comparison between the experimental distributions (histograms) and numerical simulations (solid

squares), adapted from [25, 26, 112]. The experimental data refer to the left vertical scale, whereas the simulations

refer to the right vertical scale. The details of the simulations are given in the text. (A) Energy separation of the

two k = ±1 transitions. (B) Intensity ratio blue peak/red peak (Ik=−1/Ik=0, +1) of the two k = ±1 transitions.

(C) Mutual angle between the k = ±1 transition dipole moments.

band. Therefore, when looking at the intensity ratio between the two lowest energetic band,

always (Ik=0 + Ik=+1)/Ik=−1 = Ik=0,+1/Ik=−1 is considered.

The experimental distributions (histograms) together with numerical simulations (solid squares)

of several parameters derived from the 24 complexes measured previously using confocal flu-

orescence-excitation spectroscopy [25, 26, 112] are shown in Fig. 6.2. Quantitative details on

the parameters can be found in Tab. 6.1. The energy separation between the k = ±1 transitions

(∆Ek=±1 = 105 ± 38 cm-1) is shown in (A), the intensity ratio of the blue (i.e., the higher

energetic) band and the red (i.e., the lower energetic) band Ik=−1/Ik=0,+1 = 0.7 ± 0.2 in (B)

and the mutual angle ∆αk=±1 = 90 ± 0◦ between the k = ±1 transition dipole moments is

shown in Fig. 6.2C. Due to the low angular resolution of ≈ 30◦, no distribution of the mutual

angles around 90◦ was observable. For their simulations, of the B850 band of the LH2 complex

from Rps. acidophila, a site energy of the α-bound pigments of E0,α = 12300 cm-1 and a site

of the β-bound pigments of E0,β = 12060 cm-1 represented a reasonable set of parameters for

the energies [25, 26, 112]. Using the point-dipole approximation (Sec. 2.2.3) the interactions

between the pigments can be calculated and are given for a perfect circular ring: intra-dimer

interaction Vi = 254 cm-1, inter-dimer interaction Ve = 226 cm-1, second neighbour interaction

between α-bound pigments Wi = −35 cm-1 and second neighbour interaction between β-bound

pigments We = −25 cm-1. The authors assumed a Gaussian distribution of the site energies of

a width ∆ = 250 cm-1 and a modulation amplitude in the interactions of Vmod ≈ 63 cm-1 (25%)

which they ascribed to an elliptical deformation of the complex with an deformation amplitude

of δr/r0 = 8.5% [26, 112].

The results of the numerical simulations of the single LH2 spectra were confirmed by an ana-
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lytical analysis of the data by Mostovoy and Knoester [20]. If the parameters the authors used

are translated to the notation used in this thesis, they found the best accordance for a random

energetic disorder with a width ∆ = 235 cm-1 and an elliptical deformation of the complexes

with a deformation amplitude δr/r0 = 7.5%. These numbers agree very well with the numbers

derived from the numerical simulations.

6.3 Experimental results

In the top trace of Fig. 6.3A (grey) the spectrum of the B850 band from a large ensemble of LH2

complexes from Rhodopseudomonas acidophila is shown which features a single broad band
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Figure 6.3: Fluorescence-excitation spectra of the B850 band of LH2 complexes from Rps. acidophila. (A) The top

trace shows an ensemble spectrum (grey), whereas the lower five traces display spectra from single LH2 complexes

(black). Each spectrum has been averaged over all possible excitation polarisations. The vertical scale is valid for

the lowest trace, all other traces are offset for clarity. All spectra were recorded at 1.4 K with an excitation intensity

of 30 W/cm2 . (B) Spectral diffusion pattern of the B850 band of an individual LH2 complex from Rps. acidophila.

In the upper panel a time sequence of 50 spectra obtained by widefield fluorescence-excitation spectroscopy is

shown. The horizontal axis corresponds to CCD-frame number as well as wavelength of the excitation light. After

each scan the polarisation of the incident laser light was rotated by 18◦. The average spectrum of all scans (black)

together with two spectra with mutually orthogonal polarisation (dark and light grey) as indicated by the arrows is

given in the lower panel.
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Figure 6.4: Histograms of some parameters concerning the B850 band of LH2 from Rps. acidophila. (A) Energy

separation of the two lowest energetic transitions. (B) Intensity ratio blue peak/red peak of the two transitions. (C)

Mutual angle between the related transition dipole moments.

at around 860 nm. Example fluorescence-excitation spectra of the B850 ring of five individual

LH2 complexes (black) are shown in the lower part. The spectra were measured using widefield

fluorescence-excitation spectroscopy (Sec. 3.4). The fluorescence of typically 40–60 complexes

was measured simultaneously with an EMCCD camera while at the same time consecutively

scanning the wavelength of the excitation laser. Consequently, the CCD-frame number corre-

sponds to wavelength and by integrating the total intensity of an individual complex on the CCD

as a function of read-out frame a fluorescence-excitation spectrum was obtained. This proce-

dure was repeated three times and yielded in total 146 B850 spectra. In most of the spectra from

the single complexes 2–3 broad absorption lines at around 860 nm are observed.

An example of the spectral diffusion pattern of the B850 band of a single LH2 complex is

shown in Fig. 6.3B. The laser was scanned 50 times between 843 and 873 nm at a speed of

about 0.16 nm/s. It could not be scanned to larger wavelengths due to the combination of optical

excitation and emission filters. The excitation intensity was 30 W/cm2. While scanning the laser

the CCD acquired about 300 images of 260×250 pixels at a speed of 620 ms per image (500 ms

accumulation time of the fluorescence and 120 ms read-out time). This yields a nominal spectral

resolution of 0.1 nm. After each scan the polarisation of the incident laser light was rotated by

18◦. The whole series of 50 scans corresponds to five complete turns of the polarisation which

allowed to determine polarisation angles to within about 10◦ accuracy.

From the spectral diffusion patterns, the energetic difference between the two red-most broad

peaks, their intensity ratio and the mutual angle of polarisation were determined. In Fig. 6.4

the histograms of these values are depicted for all measured complexes. The average energy

separation between the two bands amounts to 126± 43 cm-1, the intensity ratio of the blue peak

and the red peak to 0.73 ± 0.23 and the mutual orientation of the transition dipole moments

is distributed around 91 ± 8.0◦. If the histograms from literature (Fig. 6.2) are compared with
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the distributions derived in this work using widefield fluorescence-excitation spectroscopy as

depicted in Fig. 6.4 it becomes obvious the newly developed technique has a clear advantage

concerning the statistical significance of the data.

6.4 Discussion

This chapter focuses on the two lowest energetic absorptions in the B850 band of individual LH2

complexes from Rps. acidophila which are assigned to the low energy k = ±1 exciton states in

accordance with previous observations [25, 26, 112]. In this work, a narrow line, arising form

the lowest exciton state k = 0 was never observed as opposed to the previous measurements

described in Sec. 6.2 which is probably due to the experimental method used for this work. For

a comparable signal-to-noise ratio the acquisition time in the widefield method (≈ 500 ms) has

to be much longer than for the confocal method (≈ 10 ms). If the spectral resolutions are kept

comparable (0.1 nm for the widefield versus 0.07 nm for the confocal method) the scan speed

at which the spectra are recorded has to be much slower for the widefield approach (0.16 nm/s)

compared to the confocal method (3 nm/s). This prohibits to resolve narrow absorption lines

that undergo fast spectral diffusion processes such as those measured for the B800 band in

chapter 4 or the k = 0 transition in the B850 band [25, 26, 112].

However, for the broad (50–250 cm-1) absorption bands of the k = ±1 transitions in the exciton

manifold of the B850 band of LH2 the widefield method is by far superior as has been shown

by the comparison of the experimental distributions in Figs. 6.2 and 6.4. This is due to the

large parallelisation in the recording of the data. Using an electron-multiplying CCD camera

the spectra of 40–60 individual complexes can be recorded at the same time in the widefield-

setup whereas in the confocal system the complexes have to be measured one by one with

an avalanche photodiode. In comparison to confocal fluorescence-excitation spectroscopy the

widefield approach allows to speed up the measurement time by a factor of about 50.

To analyse the observations, at first the influence of random disorder on the properties of the

k = ±1 exciton levels of the unperturbed ring of B850 BChl a pigments is considered. The

only fitting parameter in this configuration is the width of the distribution of site energies which

is used to fit the average energetic splitting of the k = ±1 states. The simulations are based on

a Monte Carlo calculation averaged over 5 000 iterations, each with a pseudo-random choice
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Figure 6.5: Comparison between the experimental distributions (histograms) from Fig. 6.4 and numerical simula-

tions (solid squares) of different types of disorder. The experimental data refer to the left vertical scale, whereas

the simulations refer to the right vertical scale. For details on the simulations see text and Tab. 6.1. For each

type of disorder, the left panel displays the energy separation of the two k = ±1 transitions, the middle panel the

intensity ratio blue peak/red peak (Ik=−1/Ik=0, +1) of the two k = ±1 transitions and the right panel the mutual

angle between the k = ±1 transition-dipole moments. (A) In the simulation only random disorder in the energies

is taken into account. (B) Apart from random disorder in the energies a C2-type modulation of the interactions is

included in the simulation. (C) Random disorder in the energies as well as an additional C2-type modulation in the

excited state energies is accounted for in the simulations.

of site energies from a Gaussian distribution of width ∆. To obtain the observed splitting of

126 cm-1 for the k = ±1 states a random disorder with ∆ = 950 cm-1 has to be used in the

simulations. In Fig. 6.5A the results of the simulations are shown (black line) together with the

experimental data (grey histograms). A summary of all relevant parameters is given in Tab. 6.1

in the column labelled “random”.

The large disorder of ∆ = 950 cm-1 implies a strongly broadened exciton manifold which

should be reflected by the spectral width of the ensemble spectrum. As the observed width

is only about 300 cm-1, the assumption of the simulation is in total contradiction to the ob-

servations. This contradiction is continued if the outcome of the simulations for the different

parameters is compared to the observed distributions. Although the average energetic splitting
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simulation literature
parameter experiment

random C2 in int. C2 in energy experiment C2 in int.

∆Ek=±1 ( cm-1) 126 ± 43 122 ± 89 122 ± 41 126 ± 42 105 ± 38 103 ± 39

Ik=−1/Ik=0, +1 0.73 ± 0.23 0.53 ± 0.22 0.52 ± 0.10 0.69 ± 0.16 0.7 ± 0.2 0.57 ± 0.10

∆αk=±1 (◦) 91 ± 8.0 73 ± 35 89 ± 7.9 90 ± 8.9 90 ± 0 89 ± 8.1

∆ ( cm-1) 950 250 250 250

Emod ( cm-1) 0 0 180 (1.5%) 0

Vmod ( cm-1) 0 75 (30%) 0 63 (25%)

δr/r0 (%) 0 10 0 8.5

Table 6.1: Comparison between the experimentally and numerically obtained values of the energy separation

of the two k = ±1 transitions ∆Ek=±1, the intensity ratio blue peak/red peak of the two k = ±1 transitions

Ik=−1/Ik=0, +1 and the mutual angle between the k = ±1 transition dipole moments ∆αk=±1. Listed are the

values derived by widefield fluorescence-excitation spectroscopy in this work (experimental), by a simulation in-

cluding only random disorder (random), a simulation including random disorder and a modulation in the interaction

strengths (C2 in int.) and a simulation including random disorder and a modulation in the site energies (C2 in en-

ergy). For comparison, the experimental values (experiment) as well as the parameters for the simulation including

random disorder and a modulation in the site energies (C2 in int.) of the confocal fluorescence-excitation spec-

troscopy measurement from [25, 26, 112] are given in the “literature” labelled columns. The parameters that were

used in the simulations are the width of the Gaussian distribution of site energies ∆, the correlated modulation in

site energies Emod and the correlated modulation of the interaction strengths Vmod which is possibly induced by

an elliptical deformation of the circular ring with a deformation amplitude δr/r0, see also Eq. 6.1.

of the k = ±1 states in the simulation is equal to that of the experimental distribution as can

be seen in Tab. 6.1 its maximum peak and its width differ significantly, Fig. 6.5. The average

intensity ratio derived by the simulation is too low, although the shape is comparable to that of

the experimental distribution. Note that introduction of random disorder does not change the

intensity ratio Ik=+1/Ik=−1 = 1 of the undisturbed system but only causes a lifting of the de-

generacy of the k = ±1 states. Because the k = 0 absorption line is “smeared out” by spectral

diffusion processes in the underlying k = +1 absorption band the intensity ratio of the blue

and red band are always observed as Ik=−1/Ik=0,+1 which is less than 1. Consequently, also in

the numerical simulations the intensity ratio of Ik=−1/Ik=0,+1 is considered. In the case of the

mutual orientations between the transition-dipole moments the simulation can not reproduce

the experimentally derived distribution.

Because of the statistical significance of the distributions in this work it is reasonable to con-

clude solely on the basis of the k = ±1 transitions that an alternative explanation for the ob-
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served features of the k = ±1 states has to be found. In the previous work discussed in Sec. 6.2

the spectral properties of higher exciton levels were also studied and it was found consistently

that random disorder alone is not sufficient to explain the optical features of the experimentally

obtained spectra.

In the next step, a C2-type modulation of the interactions between adjacent BChl a molecules

was introduced in addition to random energetic disorder as proposed in the literature [25, 26,

112]. The fitting parameters in this situation are the modulation amplitude of the nearest-

neighbour interaction Vmod and the width of the distribution of site energies which are used

to fit the average energetic splitting of the k = ±1 states and the width of the distribution of

splittings. To obtain the observed splitting of 126±43 cm-1 random disorder with ∆ = 250 cm-1

and a modulation amplitude of Vmod ≈ 75 cm-1, i.e., Vmod/V0 ≈ 30% are required in the sim-

ulation. In Fig. 6.5B the results of the simulations are shown (black line) together with the

experimental data (grey histograms). A summary of all relevant parameters is given in Tab. 6.1

in the column labelled “C2 in int.”.

This model explains the major spectral features of the k = ±1 transitions, i.e., their energetic

splitting ∆Ek=±1 ≈ 122 ± 41 cm-1 and the mutual orientation of the k = ±1 transition-dipole

moments ∆αk=±1 ≈ 89±8◦. However, the outcome of the simulations where Ik=−1/Ik=0,+1 =

0.52 ± 0.10 is not compatible with the observed distribution of the intensity ratio of the peaks

Ik=−1/Ik=0,+1 = 0.73 ± 0.23. The calculated average value is too low and the width too

small. The origin of the modulation of the interactions might be attributed to a structural C2-

type deformation of the complex. C2 is the lowest symmetry component of an ellipse and

therefore, the modulation of the interactions of Vmod = 75 cm-1 could be ascribed to an elliptical

deformation with δr/r0 = 10%. However, the reduced symmetry of the LH2 complexes due to

the elliptical deformation contravenes the nine-fold symmetry of LH2 in crystalline from.

Alternatively a C2-type modulation was introduced in the excited state energies in addition to

random energetic disorder. The fitting parameters in this situation are the modulation amplitude

of the energies Emod and the width of the distribution of site energies which are again used

to fit the average energetic splitting of the k = ±1 states and the width of the distribution of

splittings. Here, random disorder with ∆ = 250 cm-1 and a modulation amplitude of Emod ≈
180 cm-1, i.e., Emod/E0 = 1.5% are required in the simulations to obtain the observed splitting

of 126±43 cm-1. In Fig. 6.5C the results of the simulations are shown (black line) together with
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the experimental data (grey histograms). A summary of all relevant parameters is given in Tab.

6.1 in the column labelled “C2 in energy”.

This model explains all observed spectral features of the k = ±1 transitions very well as can

be seen in Tab. 6.1. The energetic splitting of the k = ±1 states of ∆Ek=±1 ≈ 126 ± 42,

the intensity ratio Ik=−1/Ik=0,+1 = 0.69 ± 0.16 and the mutual orientation of the k = ±1

transition-dipole moments ∆αk=±1 ≈ 90 ± 9◦ reproduce the experimental observations in all

details.

The distinction between a correlated disorder in the interactions or the energies was made upon

the fit of the simulation to the experimentally derived distribution of the intensity ratio between

the two k = ±1 absorption bands. Using the histograms from literature, a distinction between

the two different types of correlated disorder could not have been made, as the distribution of

the intensity ratios contained too few data points. The question that arises is how the modulation

in the excites state energies can be explained. In Sec. 4.3.2 it was discussed that conformational

fluctuations of the proteins in the binding pocket of the BChl a molecules lead to changes in the

pigment-protein interaction and therefore to fluctuations in the site energies of the individual

BChl a chromophores. A structural deformation of the complex will most certainly cause a

conformational rearrangement in the binding pockets and result in a perturbation of the site

energies of the BChl a molecules. Therefore, the coexistence of correlated structural as well as

correlated energetic disorder can not be excluded and is, moreover, the most likely situation.

If it is assumed that the modulation in the site energies follows the structural deformation, the

C2-type modulation of the site energies could very well be explained by an elliptical defor-

mation of the complexes in analogy to the situation discussed above. The perturbation of the

site energies following an imposed elliptical deformation will require a less pronounced de-

formation amplitude due to the interplay of the two types of modulations. A small structural

deformation would not be resolvable in x-ray crystallography and the model of the correlated

disorder coexisting in both site energies as well as in the interactions would be compatible with

the observation of circular structures of LH2 in crystalline form.
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6.5 Summary

In this chapter two experimental methods to study single molecules were compared in the inves-

tigation of the structure of the electronically excited states of the B850 ring of LH2 complexes

from Rhodopseudomonas acidophila: widefield fluorescence-excitation spectroscopy (data de-

rived in this work) and confocal fluorescence-excitation spectroscopy (data from previous work

[25, 26, 112]). The results presented in this chapter show that widefield fluorescence-excitation

spectroscopy can be applied successfully to elucidate the electronic structure of photosynthetic

pigment-protein complexes. It can be concluded that the B850 assembly of BChl a pigments

in LH2 represents a strongly coupled system of which the low energy k = ±1 exciton states

could be resolved. The experimental distributions of the energy separation ∆Ek=±1 and the

intensity ratio Ik=−1/Ik=0,+1 of the two k = ±1 transitions as well as the mutual angle ∆αk=±1

between the k = ±1 transition-dipole moments could all be determined with a high statistical

significance.

In line with previous work [25, 26, 112] a distribution of the site energies (random diagonal

disorder) with a FWHM of 250 cm-1 as well as a correlated C2-type of disorder had to be as-

sumed to account for the relative intensities and spectral positions of the exciton transitions.

In the aforementioned references the experimental distributions were explained by introduc-

ing the correlated disorder through a modulation of the interactions of Vmod = 63 cm-1. This

modulation was ascribed to arise from an elliptical deformation of the LH2 complexes with a

deformation amplitude of δr/r0 = 8.5%. Due to the statistical significance of the data in this

work it was found that a C2-type modulation in the interactions alone is not sufficient to explain

all observed parameters. Based on the results of chapter 4 it was assumed that a small struc-

tural deformation of the complex will lead to conformational changes in the binding pockets of

the BChl a molecules that affect their site energies. By assuming a C2 modulation in the site

energies the observed parameters could be described more accurately than in the case of a mod-

ulation in the interactions. Therefore, a combination of a small structural deformation together

with a modulation of the site energies will probably reflect the situation in the complexes most

appropriately. A small geometrical perturbation instead of the deformation amplitude of 7–10%

is also more compatible with the circular structure observed in x-ray crystallography.
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Chapter 7

The core complex: LH1-RC

In contrast to the peripheral light-harvesting 2 (LH2) complex which is a closed circular array

comprising eight or nine αβ-heterodimers, the x-ray structure of the central light-harvesting 1

(LH1) complex has not been determined as yet and the exact three-dimensional arrangement

of its subunits remains to be ascertained. As discussed in Sec. 2.1.2, pigment analysis, the ho-

mology of protein subunits and several electron-microscopy experiments lead to the assumption

that the LH1 complex is also composed of a circular array of αβ-heterodimers and that the main

difference between LH2 and LH1 is the size of the ring.

Therefore, it would be very attractive to carry out experiments similar to those on LH2 on

individual LH1-reaction centre (LH1-RC) complexes, which are also termed core complexes.

The idea is that the optically excited states of the LH1 complex are characterised by excitonic

interactions — like for the B850 band of LH2 — and that its spectroscopic features reveal

details about the spatial organisation of the subunits in the LH1 ring. For example, the presence

of an open ring structure as discussed by Cogdell et al. [11] or a dimeric structure as discussed

by Francia et al. [164] will have implications on the manifold of excited states.

This chapter presents a study on LH1-RC complexes from two different species. First exper-

iments were carried out on LH1-RC complexes from Rhodopseudomonas acidophila which

105
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showed that structural heterogeneity significantly influences the spectroscopic properties of the

complexes. The conclusion was that the LH1 rings of many LH1-RC complexes studied were

not intact closed circular structures.

In a second series of measurements three different types of core complexes from Rhodobacter

sphaeroides were investigated. For each type of these complexes a different structural model of

the spatial arrangement of their subunits has been proposed in literature which allowed a more

systematic approach to the investigation of the relationship between geometric structure and

optical spectrum. It was the aim of this work to perform pilot experiments to demonstrate that

spectroscopy can contribute to the discussion on the structure of light-harvesting complexes.

The experimental observations proved to be compatible with the hypothetical structural models

although other models could not be ruled out.

7.1 Structural models for LH1

Following the electron density map of Rs. rubrum [6] depicted in Fig. 2.5A a closed-ring model

of the LH1 complex can be established comprising 16 αβ-subunits, as depicted schematically in

Fig. 7.1A. Each of the subunits is believed to contain only two coupled pigments contributing to

its absorption band around 870 nm in contrast to three pigments for LH2 [80]. However, various

reasons can be found to question the closed ring model. Firstly, pigment analysis showed that for

(A) (B) (D)(C)

RC RC RC RC RC

Qb

QbQb

Figure 7.1: Four hypothetical structural models for LH1-RC complexes. The αβ-subunits are displayed as light

grey cylinders, the PufX protein is indicated by the dark grey cylinders, Qb represents the ubiquinone site of the

RC. (A) A closed-ring model in which the LH1 ring, comprising 16 αβ-subunits, completely surrounds the RC.

The Qb site is effectively blocked. (B) A LH1 model where a small transmembrane protein PufX is incorporated

in the ring, replacing 2 subunits. PufX might facilitate ubiquinone flow from the Qb site. (C) S-shaped model

composed of two LH1 rings with an incorporated PufX protein enclosing two RCs. (D) An open-ring model

comprising eight αβ-subunits. The Qb site is exposed and the ubiquinone can leave the RC. Adapted from [11].
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many strains the number of pigments per RC is less than 32. If they were closed ring aggregates

of pigments only, they would be too small to incorporate a RC. Secondly, the representativity

of the two 2-D projection maps of LH1 from Rb. sphaeroides and Rs. rubrum (see Sec. 2.1.2)

showing a closed ring structure can be questioned. The complexes from Rs. rubrum [6] were

reconstituted from αβ-subunits obtained by detergent treatment of the native complexes and

for the experiments on Rb. sphaeroides [7] a genetically modified species was used lacking the

gene pufX which codes for the protein PufX. Without this protein the bacterium is incapable of

photosynthetic growth.

In addition, non-circular structures of LH1-RC complexes have been reported as well. A pro-

jection map of LH1 complexes from Rb. sphaeroides derived by Jungas et al. [8] revealed a

S-shaped structure composed of two incomplete antenna rings, each containing a RC, suggest-

ing a dimeric LH1-RC complex, Fig. 2.5B. And LH1-RC complexes from Rs. rubrum revealed

an almost square structure [165]. For the latter complex a small protein, the Ω-peptide was

found which could not be resolved in the 2-D map. Scheuring et al. showed that the LH1 sub-

units of Rhodopseudomonas viridis in native membranes form a closed hexadecameric elliptic

assembly with a high degree of flexibility [10] using high-resolution AFM. And also the core

complex of Chromatium purpuratum featured an elliptical arrangement in the x-ray structure1.

The small transmembrane proteins, PufX in Rb. sphaeroides and Rb. capsulatus and the Ω-

peptide in Rs. rubrum are thought to be an integral part of the LH1 ring [8, 11, 164, 166, 167].

For Rb. sphaeroides it is known that PufX is compulsory for photosynthetic growth [168, 169].

However, in the absence of LH1 or if the LH1 complexes are reduced in size, photosynthetic

growths is possible without PufX [86]. Apparently PufX is only required if the LH1 antenna

system is present and if its macromolecular structure which encloses the RC is intact. These

observations led to the proposal that PufX facilitates the ubiquinone/ubiquinol flow between the

RC and the cytochrome bc1 complex by acting as a gate in the LH1 ring [86, 170, 171].

In the absence of PufX the LH1 ring is larger by 1–2 subunits (i.e., comprising about 18 sub-

units) compared to wild type LH1 and the dimeric structure discussed above comprises about

1.7 times the number of pigments (i.e., 27 subunits) present in wild type monomeric complexes

[164]. In Fig. 7.1B a model of a LH1-RC complex is depicted in which two subunits are sub-

stituted by a PufX protein. In other species which do not express PufX other proteins, like the

1Private communication with R. Cogdell, University of Glasgow.
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Ω-peptide in Rs. rubrum, might have a similar function. In (C) a model of an open S-shaped

dimer is shown in analogy to the projection map of Rb. sphaeroides in Fig. 2.5B. Tentatively, the

protein PufX is drawn in the gaps of the incomplete rings, although no evidence for this struc-

tural arrangement has been found. Linear dichroism measurements on oriented membranes of

Rb. sphaeroides indicated that PufX plays a role in the orientation of the RC in the LH1 ring

as well as in the formation of long-range regular arrays of LH1-RC complexes [166]. This

supports the assumption that PufX acts as a gate in the LH1 ring.

However there is no direct evidence that any of the small proteins forms indeed part of the LH1

ring. For species for which no such small protein has been found it might also be possible that

the LH1 ring is open and features a gap in the subunit circumference around the RC. Also in this

model photosynthetic growth would not be blocked as can be concluded from the experiments

on Rb. sphaeroides. The quinone site in the RC is exposed and the ubiquinone could leave the

RC though the gap. In Fig. 7.1D such a model is depicted.

It should be stressed, that the models presented in Fig. 7.1 have been proposed in the absence of

detailed structural knowledge from, for example, a high resolved x-ray structure. Nevertheless,

the experimental indications of an open-ring or even dimeric structure suggest that the LH1

complexes are subjected to much more spatial and compositional variation than LH2, at least

in vitro. In this chapter this variability is termed structural heterogeneity. However, the results

will depend strongly on the specific species under investigation and also mutations of the genetic

code and the (biochemical) history of the sample will influence the experimental outcome. The

motivation of studying individual LH1-RC complexes by means of optical spectroscopy is to

contribute to the discussion about the structural heterogeneity by correlating electronic structure

derived from optical spectra with spatial arrangement of the pigments in the LH1 complex.

7.2 Simulation of the optical spectra

In order to understand the shape of the observed spectra several aspects that determine the

optical properties have to be considered such as site heterogeneity, structural heterogeneity and

the orientation of the complexes in the polymer film. As the primary donor (P) of the RC is

separated by about 43 Å [13] from the pigments of the LH1 ring, the RC is not thought to

influence the electronic structure of the LH1 significantly. However, the RC may act as a mould
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for the LH1 ring and it is therefore not unlikely that it will induce structural distortions. As the

RC has a twofold symmetry, it could induce a twofold structural deformation on the LH1 ring,

which could affect its electronic structure [112].

Therefore, further insight into the effects of site and structural disorder on the optical spectra

of light-harvesting complexes can be gained by numerical simulations of the electronic states.

Applying Frenkel exciton theory to perfectly circular aggregates results in an exited state man-

ifold as described in the introduction in Sec. 2.2.3. The most prominent features are the lowest

degenerate exited states labelled k = ±1 of which the related transition-dipole moments are

mutually orthogonal and which posses most of the oscillator strength.

7.2.1 Methods

To simulate optical spectra, as a starting point it was used assuming that the LH1-RC complexes

consist of a closed ring structure comprising 16 αβ-subunits each binding two BChl a molecules

[6]. The distances between the pigments and their mutual orientations were taken identical as in

LH2 [2]. It was assumed that the complexes are oriented with the plane of the ring parallel to the

plane of the spin-coated sample, i.e., perpendicular to the propagation vector of the excitation

light. The electronic structure of LH1 was approximated using only the lowest (Qy) excited

states of the individual BChl a molecules. Owing to the orientation of the complexes, only the

projections of the transition-dipole moments in the plane of the ring were taken into account as

the contributions from transition-dipole moments perpendicular to the ring are not accessible

by the experimental procedure.

The interaction between the pigments was determined up to second neighbours using a point-

dipole approximation [107] resulting in a nearest neighbour interaction of 253 cm-1 and 229 cm-1

for intra- and inter-dimer interaction, respectively. The excited state energy of the β-bound pig-

ments was taken as 11 800 cm-1, whereas the site energy of the α-bound pigments was taken

240 cm-1 higher due to slightly different local environments [26]. The energy transfer among

the B870 chromophores is about 100 fs [54, 67, 87], and consequently the states are assigned

a homogeneous linewidth of 100 cm-1. The lowest exciton state has a relative long fluores-

cent lifetime of approximately 1 ns [79]. However, as the experimentally observed linewidth is

determined by the spectral resolution of the measurement it is assigned a linewidth of 1 cm-1.
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7.2.2 Structural heterogeneity

To study the implications of different spatial arrangements, four types of oligomeric structures

of LH1 complexes were investigated. For closed-ring LH1 complexes a ring size of 16 subunits

was assumed, each binding two BChl a molecules. For open-ring LH1 complexes, an indi-

vidual subunit was removed from the ring whereas a half-ring complex comprised only eight

subunits. A dimeric shaped LH1-RC complex was modelled to comprise 1.7 times as many

BChl a molecules (27 subunits) as closed ring LH1 complexes. The subunits in the dimer were

placed in an S-shaped form following the electron projection map [164], Fig. 2.5B.

The optical spectra that have been calculated for four different oligomeric structures of LH1 in

the absence of site heterogeneity are shown in Fig. 7.2 and will be discussed below.

Model A: complete ring of 16 subunits

The optical spectrum is clearly dominated by two broad bands (k = ±1) that are mu-

tually orthogonal and carry almost all oscillator strength. As no site heterogeneity was

incorporated the degeneracy of the two states remains. The lowest excited state (k = 0)

is optically forbidden and carries no oscillator strength.

Model B: ring with one subunit (i.e., 2 pigments) missing

Due to the removal of one αβ-subunit the symmetry of the structure is broken. This lifts

the pairwise degeneracy of the exciton states. In this model the lowest state is no longer

labelled k = 0 but klin = 1 similar to a linear aggregate. Consequently, the second lowest

state is labelled klin = 2, etc. As the klin = 1 state is no longer optically forbidden it

carries oscillator strength and a narrow absorption line originating from the long-lived

lowest excited state appears at the red end of the spectrum. The klin = 2 state carries

approximately the same oscillator strength as the k = ±1 states in model A whereas the

klin = 3 carries less. Compared to the closed ring structure the exciton levels are all

shifted slightly to higher energies. This blue shift with decreasing size of the oligomer

structure has previously been observed [172].

Model C: S-shaped dimeric structure comprising 27 subunits

Surprisingly the optical spectrum of the dimeric LH1 structure is very similar to the spec-

trum of the open ring structure. The positions and relative oscillator strengths of their
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Figure 7.2: Simulation of the absorption spectrum of an individual LH1 complex, which forms a complete ring

of 16 αβ-subunits (model A), a ring with one αβ-subunit missing (model B), a S-shaped structure comprising 27

αβ-subunits (model C) and a partial ring consisting of 8 αβ-subunits (model D). The overall absorption spectrum

in the xy plane of the complex is plotted (solid line) together with the absorption spectrum along the x-axis (dashed

line) and the y-axis (dotted line). The absorbance is given in units of the monomer absorbance. The x-axis is chosen

along the transition-dipole moment of one of the k = ±1 states in the case of model A and along the klin = 2 in

models B–D. The insets sketch the arrangement of the subunits in the xy plane, showing the Qy transition-dipole

moments (arrows). The lowest energetic state of the exciton manifold is assigned a homogeneous linewidth of

1 cm-1 , all other states 100 cm-1 .

three most prominent states klin =1–3 are almost identical. From the huge oligomer size

a significantly red shift would have been expected but apparently only the size of one

of the monomer units of the dimer determines the energy positions of the exciton states

whereas twice the number of pigments is reflected by an absolute oscillator strength of

the klin = 2, 3 states which is twice as high as in model B. The transition-dipole moments

related to the two broad absorption bands are not oriented fully orthogonal anymore al-

though they still show a mutual angle of about 80◦.

Model D: half-ring structure with 8 subunits

Compared to the open ring structures the klin = 1 state gains even more oscillator

strength, whereas the klin = 2 state carries less and the klin = 3 almost no oscillator

strength. The transition-dipole moments related to the states with almost all oscillator
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strength (i.e., klin = 1, 2) are mutually orthogonal. The exciton levels are still further

blue shifted compared to models B and C.

7.2.3 Site heterogeneity

Upon introducing site heterogeneity, the exciton levels are mixed and the oscillator strength is

redistributed to neighbouring levels. For a closed ring aggregate (model A) a narrow absorption

line appears at the red-most end of the spectrum as the long-lived lowest excited state (k = 0)

gains oscillator strength. The degeneracy of the lowest exited state levels is lifted but their

mutual orthogonality remains with a narrow distribution around 90◦ whose width depends on

the magnitude of site heterogeneity [26, 111].

The redistribution of the oscillator strength depends on both the extent of site heterogeneity as

well as the energy separation of the exciton levels. All levels of the exciton manifolds lie within

the same energetic width of about 4 times the average interaction strength Vavg. Thus, the

density of states scales linearly with the number of pigments in such a complex. Consequently,

the density for a dimeric LH1 complex is about twice as high as for a monomeric LH1 complex
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Figure 7.3: Simulation of the excited state energies of LH2 and several oligomer forms of LH1. For LH1, only

the 20 lowest levels of the exciton manifold are depicted. The transition probabilities from the ground state to the

various excited states of the exciton manifold are depicted by the lengths of the grey bars. The exciton levels are

ordered according to their excitation energy. In the presence of site heterogeneity averaging over 1 000 complexes

was performed. The oscillator strength was normalised to the highest value. The insets sketch the arrangement of

the subunits in the xy plane, showing the Qy transition-dipole moments (arrows).
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which is nearly twice as high as for a LH2 complex. The smaller separation of the exciton states

causes a stronger mixing of the exciton levels as can be seen in Fig. 7.3. For different light-

harvesting complexes the oscillator strength is depicted versus the individual exciton levels.

For all complexes the ratio of interaction strength to disorder Vavg/∆ is the same, where ∆ is

defined as the full width at half maximum of a Gaussian distribution of site energies within a

complex. Each histogram represents the average over 1 000 complexes.

For a closed-ring LH2 complex comprising 9 subunits, most of the oscillator strength is con-

centrated in the k = ±1 states and the k = 0 carries only little oscillator strength as can be seen

in the upper left panel. The closed- and open-ring LH1 complexes — shown in the lower left

and lower centre panel, respectively — feature a similar distribution in which the higher exciton

states as well as the lowest k = 0 state clearly carry more oscillator strength. The dimer features

the broadest distribution where also higher exciton levels carry significant oscillator strength as

depicted in the lower right panel in Fig. 7.3.

For these calculation it was assumed that the heterogeneity for LH1 and LH2 complexes is sim-

ilar. This assumption is supported by the high degree of homology in the protein subunits and

is in line with hole-burning experiments [126] which showed that the energy distribution of the

lowest non-degenerate state k = 0 of the exciton manifold of LH1 and LH2 was found to have

the same width within 20%. The difference in the optical spectra therefore stems mainly from

the different densities of states leading to a different distribution of oscillator strength over the

exciton levels. For the LH1 complexes the transition-dipole moment of the k = 0 state should

be much stronger than for LH2 and therefore have an higher probability to appear in the spec-

tra. In addition, more broad bands should appear in the spectra owing to the enhanced mixing

with radiative states. Compared to the normal LH1 complexes, the dimer LH1 complexes are

expected to show even more broad bands of comparable intensity which will tend to overlap

strongly.

7.2.4 Orientation of the complexes

The observed polarisation dependence of a transition also depends on the orientation of the

complex with respect to the plane of polarisation of the excitation light. In the experimental

setup used for this thesis, only the projection of the transition-dipole moments onto the plane of

the substrate can be measured.
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For individual LH2 complexes the mutual angle between the k = ±1 states was found to lie

within a narrow distribution around 90◦, implying that the complexes are oriented with their

symmetry axis perpendicular to the surface of the substrate (chapter 6, [26]). This preferred ori-

entation might be the result of electrostatic interactions between the complex and the substrate

together with a laminar flow induced by the spin-coating process during sample preparation.

For LH1-RC complexes Cogdell et al. proposed a model in which the RC sticks out on the

N terminus site of the LH1 ring by 20 Å [11, 13]. A LH1-RC complex with the protruding

RC facing towards the substrate could therefore be slightly tilted. As a result the mutual angle

between the transition-dipole moments related to the broad absorptions will be less than 90◦

in the projection onto the plane parallel to the sample surface. In the extreme situation of a

sideways lying complex (i.e., like a tyre on the road) the projections of the transition-dipole

moments could be even parallel to each other. However, such an extreme orientation is very

unlikely as the diameter of light-harvesting complexes is about a factor of two bigger than their

height.

For structures that are no longer complete rings like the half-ring structure of model C, the

orientation of the complex with respect to the substrate is probably completely different and

could vary strongly between complexes.

7.2.5 Discussion of the simulations

Numerical simulations show that structural and site heterogeneity greatly influence the opti-

cal spectrum. The structural differences are mainly responsible for the increase in oscillator

strength of the lowest excited state when removing subunits from the ring whereas the site het-

erogeneity causes a mixing of the exciton states and a concomitant redistribution of oscillator

strength resulting in an increase of the number of broad bands in the spectrum. Degeneracy of

the states is lifted by both types of disorder. The spectra of all oligomer structures are domi-

nated by two broad bands whose related transition-dipole moments are more or less orthogonal

oriented whereas the dimeric structure contains further broad bands of similar intensity. How-

ever, this orthogonality might not be found back in the experimental measurement if the plane

of the ring of the complex is not perpendicular with respect to the plane of polarisation of the

excitation light. Variations in the polarisation dependency of the intensity of absorption bands

could therefore well be caused by variations in the orientation of the complexes on the substrate.
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7.3 LH1-RC from Rhodopseudomonas acidophila

7.3.1 Experimental results

In Fig. 7.4 the fluorescence-excitation spectrum of an ensemble of LH1-RC complexes from

Rhodopseudomonas acidophila in a PVA film (dotted line) at 1.4 K is shown. Its maximum

absorption occurs at about 891 nm and the fluorescence was detected at 910 nm with a detection

bandwidth of 20 nm. The dashed line indicates the transmission characteristic of this emission

filter. The sum spectrum that results when the fluorescence-excitation spectra of all measured

LH1-RC complexes are added (solid line) is slightly blue shifted compared to the ensemble

spectrum and also the blue wings of the two bands are not fully identical.

Example fluorescence-excitation spectra of six out of the 24 measured individual LH1-RC com-

plexes are depicted in Fig. 7.5. All spectra are averages of all possible polarisations of the exci-

tation light. It is clearly visible that they largely differ by the number of bands, bandwidths and

intensities. However, common features are the positions of the broad absorption bands around

860 to 890 nm and their width ranging from 150 to 200 cm-1 indicating dephasing times of the

electronically excited state of several ten femtoseconds. In some spectra the bands are very

close to each other and in others bands coincide with the transmission of the emission filter

which makes it difficult to determine the exact number of bands.
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Figure 7.4: Ensemble spectra of LH1-RC complexes from Rhodopseudomonas acidophila. The dotted line repre-

sents the fluorescence-excitation spectrum at 1.4 K. The solid line is the sum of 24 fluorescence-excitation spectra

of individual complexes at 1.4 K recorded at an intensity of 2–10 W/cm2 and the dashed line indicates the trans-

mission of the emission path filters used in the low temperature measurements.
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Figure 7.5: Six example spectra of individual LH1-RC complexes from Rps. acidophila recorded at an intensity

of 2–10 W/cm2 at 1.4 K. The arrows indicate narrow absorption lines present in some of the spectra.

Apart from the broad bands 80% of the spectra also show narrow absorption lines like those

in spectra 1,3 and 4–6 in Fig. 7.5. These narrow lines were always found on the red wing of a

broad absorption band. Although their intensity varied from spectrum to spectrum the signal-to-

noise ratio was normally sufficient to determine the width within one scan of the laser, thereby

minimising a broadening of the line due to spectral diffusion. The widths range from 1–3 cm-1

and are mainly determined by the width of the excitation laser (1 cm-1). For some complexes

even two narrow lines appeared in the spectrum (spectrum 4 and 5; Fig. 7.5) both of which were

on the red wing of broad absorptions.

The 24 observed individual LH1-RC spectra can be divided roughly into four groups on the

basis of polarisation behaviour and other spectral features. In the following the characteristics

of the different groups will be described; an example spectrum of each group is depicted in Fig.

7.6.

Group I: 30% (7 out of 24) of the complexes featured spectra that are dominated by 2 broad

bands around 870–890 nm which are mutually orthogonal polarised within 6◦. Their

energetic splitting amounts to 116 ± 77 cm-1. Occasionally the spectra show a narrow

absorption line at the red-end side of the spectrum which is much more pronounced for

LH1-RC complexes than for the LH2 complexes and was detected more often, i.e., in five

out of seven cases as opposed to 3 out of 24 cases [25, 26].

Group II: 17% (4 out of 24) of the complexes featured two broad absorption bands whose

mutual angles of polarisation ranged from 30–64◦, i.e., significantly less than 90◦. Two

complexes in this group featured a narrow line at the low-energy side in their spectra.
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Figure 7.6: Four different types of polarisation behaviour and spectral features of LH1-RC complexes from Rps.

acidophila. For each group I-IV a typical example spectrum is given that consists of two spectra recorded for

different polarisations of the incident laser light. In (I) two orthogonally polarised broad bands are observed. In

(II) two broad bands are present with a mutual angle of polarisation of less than 90 ◦. In (III) one broad band is

observed with no absorption at the perpendicular polarisation. In (IV) multiple narrow lines are observed. The

arrows point towards the narrow absorption lines present in some of the spectra. Experimental conditions were as

in Fig. 7.5.

Group III: 17% (4 out of 24) of the complexes showed no detectable absorption for a specific

angle of polarisation. This becomes obvious by looking at the example spectrum of this

group in the lower left panel in Fig. 7.6 for which two spectra of mutual orthogonal

polarisation are displayed. One of these spectra only features background noise whereas

the other clearly shows a typical LH1-RC spectrum. For two complexes a narrow line

was found in the red edge of a broad band, with the same polarisation as the broad band.

Group IV: 36% (9 out of 24) of the complexes featured two narrow absorption lines or one

narrow absorption line in the centre of the spectrum together with a broad absorption

band extending into the detection window, thereby possibly masking a second narrow

line. The narrow lines always occurred on the red edge of a broad absorption band.

7.3.2 Discussion

At first thought it might be surprising to observe fluorescence from LH1 complexes in which

the reaction centre is present. However, in these type of experiments the quenching of the
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fluorescence by the RC does not play a great role. At low temperatures the lowest energy

level of a significant fraction of the LH1 complexes is thought to be shifted to lower energies

with respect to the primary donor (P) of the RC [173, 174] reducing its trapping efficiency. In

addition, electron transfer from the primary quinone acceptor QA to QB is, in fact, blocked

below 150 K [175, 176] and once QA has been reduced following the first photon, no further

chemistry and concomitant quenching of the fluorescence can occur. See Sec. 2.1.2 for details

of the electron transfer in the RC.

The most pronounced features that were observed in the fluorescence-excitation spectra of LH1-

RC complexes from Rps. acidophila are the limited number of broad bands with a characteristic

polarisation behaviour and a large variation in their appearance. The spectra featured in general

three to four broad bands and even if the shoulders were counted as separate bands no more

than six bands could be distinguished. These spectral features can be best described in terms of

a collective excitation of the complete ring. In this model, the optical properties are described in

terms of circular Frenkel excitons (see Sec. 2.2.3). The variation in appearance manifests itself

in the different number of bands and their polarisation behaviour, their bandwidths and spectral

positions. It was not always possible to resolve all bands because most of the observed bands

are broad.

The spectra that were observed for the LH1-RC complexes from Rhodopseudomonas acidophila

were categorised into four groups. Below, the optical properties of the different types of spectra

are compared with the outcome of numerical simulations of the electronic structure of aggre-

gates featuring different oligomer structures and site heterogeneity. In addition, the influence of

the orientation of a complex with respect to substrate is taken into account.

Group I: In this group the spectra were dominated by two broad absorption bands around 870–

890 nm featuring mutual orthogonal polarisation. They resemble the spectra observed

for the B850 band of LH2 from Rps. acidophila [25, 26] and tentatively the broad bands

are assigned to represent the lowest degenerate states of a circular exciton and are conse-

quently denoted k = ±1. The degeneracy of these two states is lifted due to energetic dis-

order and their energetic splitting δE±1 is roughly the same for LH1-RC (116 ± 77 cm-1)

and LH2 (126 ± 43 cm-1). In contrast, the average energy separation δE1|k| between the

spectral mean of the k = ±1 states and the band at higher energy is much larger for

LH1-RC (418 ± 129 cm-1) than for the LH2 spectra (285 ± 35 cm-1) [26].



7.3: LH1-RC from Rhodopseudomonas acidophila 119

As their mutual polarisation was only distributed by 6◦ around perfect orthogonality it

is assumed that their orientation was parallel to the surface of the substrate. In several

spectra, a narrow absorption line was found at the red end of the k = ±1 states which

was attributed to the long-lived emitting k = 0 state like in the case of LH2 [26]. This line

was observed more often than for the LH2 complexes which is explained by the stronger

mixing of the exciton states because of the reduced energy separation (Fig. 7.3).

However an open ring configuration with one or two subunits missing is also compatible

with the observations. Then the broad bands have to be assigned to the klin = 2, 3 states.

Group II: The spectra in this group were also dominated by two broad absorption bands with

a mutual polarisation ranging from 30-64◦. Although the mutual polarisation of the two

absorption bands is not orthogonal they were still thought to represent the two lowest

degenerate states of a circular exciton and were therefore also assigned k = ±1. The

deviation from orthogonality could well be explained by a non-perpendicular orientation

of the complex with respect to the plane of polarisation of the excitation light. For these

complexes the side where the RC protrudes from the LH1 ring could have faced towards

the substrate, inducing a tilt of the complexes.

Like for group I), an open ring configuration with one or two subunits missing is also

compatible with the observations in this group. In that case, then the broad bands would

have to be assigned to the klin = 2, 3 states.

Group III: This group comprised spectra showing no detectable absorption for a specific angle

of polarisation of the exciting laser. This behaviour could in principle be explained by

a closed ring structure oriented perpendicular to the substrate (i.e., lying on its side) to-

gether with a specific orientation of the transition-dipole moments of the k = ±1 states,

i.e., one must lie parallel and the other perpendicular to the exciting laser. This is a very

unlikely case. Even a half-ring structure lying flat on the substrate cannot explain the

observations as it should also feature two orthogonally polarised absorption bands. A

possible explanation would be a half-ring structure tilted within the PVA film. Such a

configuration is much more likely than a sideways oriented ring structure.

Group IV: Spectra in this group were characterised by two narrow absorption lines which indi-

cates the presence of at least two weakly coupled aggregates. There are two possibilities



120 Chapter 7: The core complex: LH1-RC

for such a behaviour. First, the two aggregates could both be LH1-RC monomers. How-

ever one of the monomers would have to comprise less than 16 αβ-subunits to explain

the spectral position of the blue-most narrow line and subsequent lower energetic broad

bands. Dimerisation of the LH1-RC structure is reported by Francia et al. for LH1-RC

complexes (PMC4WT) from Rb. sphaeroides [164] which are also studied in this chap-

ter. They found that the dimeric structure existing in native conditions is converted into

a monomeric structure by increasing the detergent concentration. Since a high detergent

concentration was used in the preparation procedure of the LH1-RC complexes from Rps.

acidophila the formation of dimeric LH1-RC structures is very unlikely.

A second explanation of the spectral features could be the presence of more or less iso-

lated domains of pigment arrays whose oligomer size is much smaller than that of a LH1

complex to account for the blue shift. These domains must be isolated from the LH1 ring

by either defects in the ring or by additional proteins that form part of the LH1 structure

but do not participate in the transfer of energy.

7.4 LH1-RC from Rhodobacter sphaeroides

For the second set of experiments LH1-RC complexes from Rhodobacter sphaeroides were

used that were prepared as described by Francia et al. [164]. For wild type (WT) samples

of Rb. sphaeroides they identified two photosynthetic membrane complexes (PMC), PMC3WT

and PMC4WT. The PMC3WT complexes contained 16.4 ± 0.7 αβ-subunits, one RC and one

PufX-His6 molecule and were thought to correspond to monomeric LH1-RC complex in which

the PufX protein forms an integral part of the LH1 ring. The PMC4WT comprised 26.8 ± 2.3

αβ-subunits, two RCs and two PufX-His6 molecules. Its electron projection map [8] indicated

an S-shaped form and consequently the PMC4WT were thought to represent dimeric LH1-RC

complexes. The dimeric complexes were only stable in a narrow range of detergent concentra-

tion. Upon increasing or decreasing this concentration PMC4WT was converted into PMC3WT.

Another type of LH1-RC complex (PMC3∆X) was obtained by deleting the pufX gene (∆X)

which codes for the expression of the protein PufX. The resulting bacteria produced com-

plexes with an increased BChl/RC stoichiometry. PMC3∆X complexes contained 17.8 ± 1.3

αβ-subunits per RC and are expected to form a closed ring.
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7.4.1 Experimental results

In Fig. 7.7 the low-temperature fluorescence-excitation spectra of ensembles of the three LH1-

RC complex types from Rhodobacter sphaeroides in a PVA film are shown. The maximum

absorption of the wild type samples containing the protein PufX lies at around 875 nm and is

clearly blue shifted by about 4 nm compared to the mutant which is not capable of expressing

PufX. The fluorescence was detected at 917 nm with a detection bandwidth of about 20 nm.

A similar red shift (4–5 nm) of the mutant spectrum with respect to the wild type spectrum is

observed in room temperature absorption spectra [177].

1.0

0.8

0.6

0.4

0.2

In
te

n
si

ty
 (

a
.u

.)

900880860840820800
wavelength (nm)

 PMC3∆X,  monomer, no PufX
 PMC3WT, monomer, PufX
 PMC4WT, dimer,       PufX

Figure 7.7: Ensemble fluorescence-excitation spectra of wild type monomeric (PMC3WT , dark grey), wild type

dimeric (PMC4WT , light grey) and mutant monomeric (PMC3∆X , black) LH1-RC complexes from Rhodobacter

sphaeroides at 1.4 K. No background was subtracted and therefore the transmission of the detection window is

visible in the red edge of the spectrum.

In the following the results of the single-molecule measurements will be summarised for each

sample type.

PMC3∆X : Mutant LH1-RC monomer; without PufX.

In total 11 complexes were studied. The spectra featured 2–5 broad absorption bands,

mostly dominated by two broad bands around 860–890 nm. The energetic splitting of

the two bands amounts to 180 ± 80 cm-1, which is much larger than for the LH1-RC

complexes from Rps. acidophila. The mutual angles of polarisation between the bands

ranged from 50–90◦. In none of the spectra a narrow line could be observed.

The spectra resemble those observed for LH1-RC complexes from Rps. acidophila in

groups I and II. A histogram of the mutual angles of polarisation and energetic splittings
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Figure 7.8: Two example spectra of the mutant monomeric LH1-RC complexes (PMC3∆X ) from Rb. sphaeroides.

The upper panels show a stack of sequentially recorded fluorescence-excitation scans. After each scan the polari-

sation was rotated by 3.6 ◦. The fluorescence intensity is given by the grey code. In the lower panels two spectra

of a specific polarisation of the incident laser light are shown for each complexes and their mutual polarisation is

indicated. No background was subtracted and therefore the transmission of the detection window is visible in the

red edge of the spectrum.

between the two lowest energetic bands of all complexes can be found in the left two

panels of Fig. 7.9. Two example spectra, typical for this sample are depicted in Fig. 7.8

PMC3WT: Wild type LH1-RC monomer; with PufX.

In total 10 complexes were studied and their spectra featured 2–4 broad absorption bands.

Again most of the spectra are dominated by two broad absorption bands at about 855-

900 nm. The energetic splitting amounts to 190±100 cm-1, similar to the mutant monomers.

The mutual angles of polarisation of the two bands ranged from 70–90◦. For six com-

plexes a narrow absorption line was observed. This line was always detected on the red

edge of a broad band. Interestingly, only for three complexes it was found red of the ener-

getically lowest broad band whereas for three complexes it was found on the energetically

next but lowest broad band.
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Figure 7.9: Histograms of the mutual angles of polarisation and energy splittings between the dominant broad

bands of the wild type (PMC3WT) and mutant (PMC3∆X) monomer LH1-RC complexes from Rb. sphaeroides.

These spectra resemble those observed for LH1-RC complexes from Rps. acidophila in

groups I and II as well. A histogram of the mutual angles of polarisation and energetic

splittings between the two bands of all complexes can be found in the right two panels of

Fig. 7.9. Two typical example spectra are depicted in Fig. 7.10.

PMC4WT: Wild type LH1-RC dimer; with PufX.

In total 9 complexes were studied and their spectra featured 2–4 broad absorption bands.

Most of the spectra were dominated by three or four broad bands of similar intensity

around 860–890 nm. Due to the small spectral separation the lines are not well resolved.

Three spectra featured one narrow absorption line and two spectra featured two narrow

lines, each on the red edge of a broad band. These five spectra resemble those observed

for LH1-RC complexes from Rps. acidophila in group IV, whereas the spectra without

narrow features cannot be compared to any of the groups. Two example spectra, typical

for this sample are depicted in Fig. 7.11.
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Figure 7.10: Two example spectra of the wild type LH1-RC monomeric LH1-RC complexes (PMC3WT ) from

Rb. sphaeroides. The representation is as in Fig. 7.8, the arrows point towards narrow lines observed in the spectra.
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Figure 7.11: Two example spectra of the wild type LH1-RC dimeric LH1-RC complexes (PMC4WT ) from Rb.

sphaeroides. The representation is as in Fig. 7.8, the arrows point towards narrow lines observed in the spectra.
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7.4.2 Discussion

Like for Rps. acidophila the most pronounced features that were observed in the fluorescence-

excitation spectra of LH1-RC complexes from Rb. sphaeroides are the limited number of broad

bands with a characteristic polarisation behaviour and a large variation in their appearance. In

general, three to four broad bands were observed whose optical properties can best be described

in terms of collective excitations of the complete ring, so called Frenkel excitons (see Sec.

2.2.3). It was not always possible to resolve all bands due to their spectrally overlap.

From Rb. sphaeroides, three different types of LH1-RC complexes from were studied. The

wild type PMC3WT complexes were thought to correspond to monomeric LH1-RC complex

comprising 16 αβ-subunits and a PufX protein forming an integral part of the LH1 ring. The

wild type PMC4WT were though to correspond to dimeric LH1-RC complexes, comprised about

27 αβ-subunits in a S-shaped structure and two PufX molecules.

A mutant sample of PMC3∆X complexes lacked the pufX gene coding for the expression of the

protein PufX. The complexes were thought to correspond to monomeric LH1-RC complexes

comprising about 18 αβ-subunits that enclose the RC.

In the ensemble spectrum the maximum absorption of the wild type complexes was shifted by

about 4 nm to the blue compared to the mutant sample. This can be explained by the different

oligomer sizes of the LH1 rings. Simulations showed that the maximum absorption is blue

shifted with decreasing oligomer size [172].

The results of the single molecule measurements for the different sample types will be discussed

below.

PMC3∆X: Mutant LH1-RC monomer; without PufX.

The spectra of this sample type are characterised by two broad absorption bands around

860–890 nm with mutual polarisations ranging from 50–90◦. These observations are very

well compatible with a circular exciton and consequently, the broad bands are assigned

to the k = ±1 states for which the degeneracy is lifted due to energetic disorder. The

site heterogeneity is much larger than for the LH1-RC complexes from Rps. acidophila

as can be seen from the large energy splitting of the k = ±1 states.

The absence of any narrow line in the spectra is only a weak evidence for a closed ring
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structure as the oscillator strength of the k = 0 line is just little less for a closed (18%)

than for an open ring (21%) in the presence of random energetic disorder, Fig. 7.3. The

k = 0 absorption is most probable subjected to spectral diffusion as can be deduced from

the large site heterogeneity. The absorption could be hidden in the underlying broad band

such that it is no longer detectable [25]. However also an open ring configuration with

one or two subunits missing is compatible with the observations as the spectral features

are similar to those of a closed ring. Then the broad bands have to be assigned to the

klin = 2, 3 states.

The histogram of mutual polarisations of the broad bands, Fig 7.9, indicates that most of

the complexes lie flat on the surface whereas some might be slightly tilted.

PMC3WT: Wild type LH1-RC monomer; with PufX.

The spectra of this sample type were characterised by two broad absorption bands around

855–900 nm with mutual polarisations ranging from 70–90◦. The main difference with

the mutant sample (PMC3∆X) is the observation of narrow lines in six of the spectra.

The spectra without a narrow line and those with a narrow line occurring at the red end

of the spectra are compatible with both the open and closed ring model. However, the

probability of detecting a narrow line increases with the number of subunits removed

from the ring, see Fig. 7.2. Therefore, the observation of a narrow line is more likely for

an open ring.

In contrast, the spectra that featured a narrow line in the centre of their spectrum can not

be explained by a closed ring model. An explanation for these spectral features could be

trap states due to an isolated oligomer unit caused by a defect in the LH1 ring or additional

proteins that form part of the LH1 structure but do not participate in the transfer of energy.

PMC4WT: Wild type LH1-RC dimer; with PufX.

Two spectra of complexes from this sample comprised two narrow absorption lines and

five spectra featured a single narrow line. These spectra resembled the LH1-RC spectra

of group IV from Rps. acidophila.

The other spectra were dominated by three or four broad absorption bands around 860–

890 nm. These features fit very well in the picture of a dimeric LH1-RC aggregate as

the small energy separations between its exciton levels leads to a strong mixing of the
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states. As can be seen from Fig. 7.3, also higher exciton states posses significant oscillator

strength.

7.5 Summary of the experiments on core complexes

It can be concluded that the LH1 assembly of BChl a pigments at low temperature represents

a strongly coupled system whose excited states can be described as collective excitations, so

called Frenkel excitons. Indications that support this description are the limited number of

observed bands (3–4), the large linewidths of 150–200 cm-1 and the polarisation behaviour of

the two energetically lowest absorptions which indicated a mutual orientation of the transition-

dipole moments related to these absorptions for most of the complexes.

The number of bands, bandwidths and their polarisation behaviour varied strongly for the dif-

ferent complexes. This variation was attributed to structural heterogeneity as LH2 complexes

from Rps. acidophila— whose optical properties are dominated by site heterogeneity — do not

show such a variation [26].

The study on individual LH1-RC complexes presented in this chapter was carried out in two

steps. In a first set of experiments individual core (LH1-RC) complexes from Rps. acidophila

were studied. Only 30% of the complexes featured optical spectra compatible with the structural

model of a closed ring. The optical spectra of the other complexes were probably affected by

structural heterogeneity in combination with various orientations of the complexes in the PVA

film.

It was not clear whether these structural variations are a native property of the complexes or

whether they are induced by isolation, purification and deposition of the sample. Maybe the

different structures represent snapshots of a possible dynamic equilibrium in the photosynthetic

membrane between complete rings and complexes in the process of being built.

In a second step, further research was conducted on complexes with a more defined structural

variation. For this purpose three different types of LH1-RC complexes from Rb. sphaeroides

were used. This species was chosen because a small protein PufX has been found which is

thought to form an integral part of the LH1 ring [8, 11, 164, 166, 167]. For the wild type

sample (PMC3WT) this implies a model of an open ring in which one or two subunits are

replaced by PufX. The expression of this protein can be switched off by genetic manipulation
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and consequently the mutant (PMC3∆X) sample should contain closed ring LH1-RC complexes.

A third sample (PMC4WT) was investigated that showed a dimeric arrangement in electron-

microscopy pictures [8]. The observed spectra of most complexes resembled those of Rps.

acidophila although some of the PMC4WT type could not be compared to any spectrum of Rps.

acidophila.

The experimental observations agreed with the proposed structural models. However, this ac-

cordance is not an absolute proof for the correctness of the models because other structural ar-

rangements are also compatible with the observations. Nevertheless the experimental approach

is a good starting point to show that single-molecule spectroscopy can provide valuable infor-

mation regarding to question about the structural arrangement of light-harvesting complexes.

In future experiments, a native environment could be mimicked by incorporating the core com-

plexes into lipid bilayers, thereby hopefully reducing the amount of structural heterogeneity.

This would also lead to a more defined orientation of the complexes. Also, an increase of the

number of spectra is required before any definitive statement can be made.



Chapter 8

Self-aggregation of the

photosynthetic unit (LH2-LH1-RC)

In most purple bacteria, the photosynthetic unit (PSU) present in the membrane, contains be-

sides the reaction centre (RC) two types of photosynthetic membrane complexes (PMCs), the

light-harvesting complex 1 (LH1) and the peripheral light-harvesting complex 2 (LH2) [11].

Depending on the growth conditions of the bacterium some species express another peripheral

complex, LH3, which is a spectroscopic variant of LH2. LH1 and the RC are closely associated

and form the so-called core complex, whereas LH2 is not in direct contact with the RC but

transfers the energy to the RC via the LH1 complex [12].

From the knowledge of the X-ray structure of the LH2 complex, along with the lower-resolution

structural information for LH1 and theoretical modelling a scheme of the arrangement of the

pigment-protein complexes within the PSU has been proposed in which the core complex is

surrounded by several LH2 complexes in a two-dimensional structure [13, 14]. Interestingly,

the pigments show a hierarchical arrangement where pigments absorbing at higher energies are

placed further away from the RC. It seems that the whole structure is highly optimised to capture

light energy and, depending on the illumination conditions, either to funnel the excitation energy

to the RC or to act as a reservoir to store the energy in order to avoid overexposure and damage
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of the RC. A more detailed description of the PSU and its building blocks can be found in

sections 2.1.1 and 2.1.2.

In the following, two experiments are presented in which the energy transfer from LH2 to

the core complex within single self-aggregated photosynthetic units could be measured. In

the first experiment, a sample of LH1-RC complexes was studied which contained only a low

concentration of LH2 after purification. The rare events of occasionally self-aggregated PSUs

could never have been found in conventional bulk measurements since the concentration of LH2

“impurities” is below the detection limit of ensemble spectroscopy. In a second experiment

the self-aggregation capabilities of PMCs were examined in a more defined way by mixing a

solution of LH2 complexes with a solution of LH1-RC complexes. The findings suggest that

the building blocks of the PSU form stable, functional aggregates in a detergent suspension.

8.1 Experimental

8.1.1 LH1-RC sample with low concentration of LH2 impurities

In the first experiment a polymer film doped with isolated LH1-RC complexes from Rhodobac-

ter sphaeroides in detergent buffer solution was studied that contained only a very low residual

concentration of LH2 impurities after purification. In Fig. 8.1A a series of wide-field images

from a sample of LH1-RC complexes from Rhodobacter sphaeroides is shown as a function

of the excitation wavelength. Each bright dot represents the diffraction-limited image of an

individual core complex. In order to obtain these images the excitation wavelength has been

switched between 800 nm, 835 nm and 870 nm while for all images the detection wavelength

has been fixed to 917 nm, i.e., the maximum of the LH1 emission. Exciting the sample at

870 nm the wide-field fluorescence image (Fig. 8.1A, right), shows several individual LH1-RC

complexes from Rhodobacter sphaeroides. After changing the excitation to 800 or to 835 nm

(Fig. 8.1A, left and centre, respectively), one of the features detected previously is still able to

emit light at 917 nm although LH1-RC complexes do not absorb significantly at 800 or 835 nm.

In order to investigate this finding in more detail the fluorescence-excitation spectrum of this

particular feature has been recorded, Fig. 8.1B. It consists of several narrow absorptions at

800 nm and two broad bands at about 830 nm and 870 nm which feature further substructure.
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Figure 8.1: Fluorescence-imaging and fluorescence-excitation spectroscopy of a single photosynthetic unit from

Rhodobacter sphaeroides. (A) Wide-field fluorescence images (20× 25 µm2) from LH1-RC dissolved in a polymer

film at 1.4 K. From left to right the excitation wavelengths were 800, 835 and 870 nm respectively at an intensity

of 250 W/cm2 . The fluorescence was detected at 917 nm. (B) Fluorescence-excitation spectrum of the feature

encircled in (A). The sample has been excited at an illumination intensity of 20 W/cm2 . (C) Intensity of the LH1

fluorescence as a function of the polarisation of the emission for the feature encircled in (A). The three traces

correspond to excitation wavelengths of 800 nm (solid), 835 nm (dotted) and 870 nm (dashed) as indicated by

the arrows in (A). (D) Fluorescence-excitation spectra of the feature in (A) together with the second feature that

showed narrow absorption lines at around 800 nm and broad bands in the 830/850 nm and 870 nm region.

Fig. 8.1C displays the relative fluorescence intensity at 917 nm as a function of the polarisation

of the emission for excitation wavelengths at 800 nm, 835 nm and 870 nm as indicated by the

arrows in part (B).

These data were obtained by introducing a polariser plate in front of the CCD camera. While

rapidly taking fluorescence images the polariser was rotated in steps of 9◦ between successive

images. By integrating the total intensity of the fluorescence image of an individual complex

on the CCD as a function of the read-out frame number the dependence of the emitted light on

the angular position of the polariser was reconstructed. Within the experimental accuracy no

difference in the orientation of the emitting transition-dipole moment is observable.
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Studying this sample a second “dot” showed similar spectral behaviour and its fluorescence-

excitation spectrum is shown together with that of the feature described above in Fig. 8.1D.

8.1.2 Mixing of LH1-RC and LH2 solutions

In a second series of experiments, two suspensions, one containing isolated purified LH2 and

the other isolated purified LH1-RC complexes, both from Rhodopseudomonas acidophila were

mixed together in a ratio of roughly 2 LH2 complexes per LH1-RC complex before diluting

the mixture in detergent buffer and spin-coating a polymer film onto a substrate as described

in section 3.3. From an area of this sample a widefield image was taken by exciting the LH1

absorption at 870 nm and monitoring the LH1 fluorescence at 917 nm showing about 12 bright

dots (Fig. 8.2A). A second widefield image of the same area was taken by exciting the LH2

absorption at 800 nm while recording the LH1 fluorescence at 917 nm showing about 4 bright

dots. The emission from the LH1 complex is much weaker when the PSU is illuminated at

800 nm as opposed to an excitation at 870 nm. Therefore, the signal-to-background contrast is
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Figure 8.2: Widefield fluorescence images and fluorescence-excitation spectra from a sample for which isolated

LH2 complexes from Rps. acidophila were mixed with LH1-RC complexes from the same species. (A) Widefield

image taken by exciting at the LH1 absorption of 870 nm and detecting the LH1 emission at 917 nm. (B) Widefield

image taken by exciting at the LH2 absorption of 800 nm and detecting the LH1 emission at 917 nm. The encircled

“dots” appear at the same position as in image (A). (C) Fluorescence-excitation spectra that shown narrow features

at around 800 nm and broad band in the 850 nm and 870 nm region.
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worse when exciting at 800 nm. The dots in the image derived with an excitation at 800 nm

are at positions where also at the 870 nm excitation bright dots had been visible (Fig. 8.2B). Of

three spectral features that were visible at both excitation wavelengths, a confocal fluorescence-

excitation spectrum was taken. The spectra show narrow features in the 800 nm region and

broad features in the 850 and 870 nm regions, Fig. 8.2C.

8.2 Discussion

From these results it was concluded that the excitation-energy transfer in a single photosynthetic

unit (LH2-LH1-RC) had been observed, as sketched in Fig. 8.3. This interpretation is supported

by inspecting fluorescence-excitation spectra from individual, isolated LH2 and LH1-RC com-

plexes, Fig. 8.4. The upper traces show the low temperature fluorescence-excitation spectra

from isolated LH2 (Rhodopseudomonas acidophila) [25] and isolated LH1-RC (Rhodobacter

sphaeroides) recorded from a large ensemble of proteins while the lower traces show the re-

spective fluorescence-excitation spectra of an individual light-harvesting complex.

When comparing the data presented so far two discrepancies between the spectra shown in

Figs. 8.1D and 8.4 become apparent. First, the spectra in Fig. 8.1D show broad bands at about

830 nm rather than a band at 850 nm and second in the lower spectrum in Fig. 8.1D a sharp

peak is visible in the band at 870 nm which does not appear in the displayed isolated LH1-

RC spectrum. Due to the lack of single-molecule spectra of isolated LH2 from Rhodobacter

sphaeroides in Fig. 8.4A spectra from individual LH2 complexes from Rhodopseudomonas

acidophila have been displayed. However, it is known that at low temperatures the B850 band

LH2

LH1

RC

emission

excitation

Figure 8.3: Schematic sketch of the supramolecular arrangement of a photosynthetic unit adapted from [70]. The

arrows indicate the excitation, emission and energy transfer pathways.
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Figure 8.4: Comparison of various fluorescence-excitation spectra from light-harvesting complexes recorded at

1.4 K. (A) LH2 from Rhodopseudomonas acidophila. The upper trace has been recorded from a large ensemble

of complexes and the lower trace shows the respective spectrum from an individual complex. For both spectra

the LH2 emission has been detected at 890 nm. The left vertical scale is valid for the lower trace (Adapted from

[25]). B: LH1-RC from Rhodobacter sphaeroides. The upper trace has been recorded from a large ensemble of

complexes and the lower trace shows the respective spectrum from an individual complex. For both spectra the

LH1 emission has been detected at 917 nm. The left vertical scale is valid for the lower trace.

of LH2 from Rb. sphaeroides is shifted 18 nm to the blue with respect to the B850 band of

LH2 from Rps. acidophila [113]. The sharp feature in the fluorescence-excitation spectra of

individual light-harvesting complexes has been observed previously for both LH2 and LH1. It

can be explained to result from the emission of the lowest excited state of the exciton manifold

(k = 0) which has a long fluorescence lifetime of about 1 ns [25] or by the presence of a trap

state in the ring of chromophores [28]. Whether it can be detected depends on the details of

the electronically excited states of the particular pigment-protein complex under study. As the

LH complexes in the mixed sample are from Rps. acidophila their B850 band is at the same

spectral position as in the spectrum in Fig. 8.4A. However, the B850 and B870 bands tend to

overlap as can be seen in Fig. 8.2C and can not be distinguished as well as for Rb. sphaeroides.

Taking these arguments into account it can be stated that the spectra shown in Figs. 8.1 and

8.2 resemble a superposition of a spectrum of an individual LH2 and an individual LH1-RC

complex.
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In Fig. 8.1C the trace that corresponds to an excitation wavelength of 800 nm shows beyond a

polarisation angle of 270◦ a significant decrease in intensity with respect to the other two traces.

If the narrow features at about 800 nm in Fig. 8.1B are assigned to the B800 absorptions of

an individual LH2 complex this can be explained straightforwardly. In chapter 4 it has been

found that the pigment-protein complexes are susceptible to light induced spectral fluctuations

resulting in slight changes of the spectral positions of the individual absorptions during the

experiment. This is of minor influence for the broad B850 and B870 spectral features but the

relatively narrow absorption lines of the B800 band might get shifted out of resonance with the

excitation laser during data acquisition.

From the relative intensity of the LH2 bands with respect to the LH1 bands in Figs. 8.1 and 8.2

it has to be to concluded that the transfer of excitation energy occurs very efficiently even in a

non-membrane environment. Although the signal-to-noise ratio is worse for the mixed sample

in Fig. 8.2C compared to the LH1-RC sample in Fig. 8.1D the ratio of the intensities of the LH2

bands to the LH1 bands is comparable. Due to chromatic aberrations in the low-temperature

microscope the effective excitation intensity (photon energy / time × area) is lower at 800 nm as

compared with the intensity at 870 nm. As a consequence of this, the efficiency of the LH2-LH1

energy transfer is even underestimated by the above mentioned criterion.

In summary, the data indicate clearly an energy transfer from the peripheral LH2 to a LH1-

RC complex in single supramolecular LH2-LH1-RC aggregates. The observation of narrow

lines in the B800 region of the fluorescence-excitation spectrum suggests that one or, at most

two LH2 are attached to the LH1-RC complex. A larger number of LH2 complexes would

result in a significant change of the spectral shape of the B800 absorption due to “ensemble”

averaging. The detection of the fluorescence features of the LH1-RC sample presented in Fig.

8.1, testifying energy transfer within an individual PSU, was a relatively rare event that could

be observed only for 2 out of 32 complexes studied.

This can be understood because the concentration of LH2 complexes in the LH1-RC prepara-

tions is very low, i.e., below the detection limit of a conventional ensemble absorption spectrum

[164]. In the case of the “mixing” experiment, 4 out of 12 dots emitted light at both excitation

wavelengths, i.e., one third of LH1-RC complexes was bound to one to two LH2 complexes. As

the concentration of LH2 was twice as high as the LH1-RC concentration it can be stated that

about 10–30% of the LH2 complexes in the sample were attached to LH1. This suggests that
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the interaction between the peripheral and core antenna complex is strong enough to withstand

partly detergent exposure during the purification procedure.

Previously, excitation-energy transfer from LH2 to LH1-RC has been observed at a reduced rate

for assemblies reconstituted into liposomes [178]. The work presented in this chapter shows

the formation of functional PSUs even in a non-membrane environment. Finally, given the

relatively low probability of LH2 binding to the core complex in detergent PMC suspensions,

ensemble studies of the purified system are severely hampered. In contrast, the results show

that the single-molecule approach allows the investigation of energy transfer and protein-protein

interactions in spontaneously reconstituted PSUs.

8.3 Summary

In this chapter the energy transfer from a peripheral LH2 complex to a core LH1-RC complex

was observed in a minimal photosynthetic unit comprising one or at most two LH2 complexes

attached to a single LH1-RC complex. In a first set of experiments that was conducted on a

sample of LH1-RC complexes from Rb. sphaeroides containing a low concentration of LH2

impurities of which about 10–30% were attached to LH1. In a second series of experiments

two independent solutions were mixed which contained either isolated LH2 or isolated LH1-

RC complexes from Rps. acidophila. This resulted in fluorescence-excitation spectra similar to

those observed for Rb. sphaeroides suggesting that LH2-LH1-RC complexes can be formed in

a non-membrane environment.

In summary, these experiments suggest that the interaction between the peripheral and core

antenna complex is strong enough to withstand partly detergent exposure during the purification

procedure and to form photosynthetic units even in a non-membrane environment.
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Summary and outlook

In this thesis, individual light-harvesting (LH) complexes that are involved in the first steps of

photosynthesis in purple bacteria were studied. The steps consist of the absorption of a pho-

ton, for instance by the B800 pigment pool in the peripheral LH2 complex (chapters 4 and 5)

followed by a rapid transfer of the excitation energy via the B850 pool of LH2 (chapter 6) and

the B870 assembly of LH1 (chapter 7) to the reaction centre, where a charge separation occurs

leading to the protonation of a ubiquinone. This hydroquinone leaves the RC and fuels fur-

ther biochemical processes (chapter 7). The whole sequence of energy transfer steps occurs in

the so called photosynthetic unit which is a supramolecular assembly of these pigment-protein

complexes (chapter 8). In the following the results derived in this thesis will be summarised.

In one series of experiments the focus lay on the spectral properties of the bacteriochlorophyll

(BChl) a molecules within the light-harvesting complexes. By applying polarisation dependent

spectroscopy, detailed information about the interactions between the pigments was obtained

and the structure of the excited states could be unravelled for all three types of pigment pools.

For the B800 band, these experiments resulted in the finding that excitations of BChl a molecules

are mainly localised on individual molecules. However, the observation of mutual orientations

of transition-dipole moments different from 0◦, 45◦ or 90◦ — as predicted by the x-ray struc-
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ture — provided direct evidence for an electronic coupling in the weak to intermediate range

between individual BChl a molecules in the B800 assembly. Also, temporal variations in the

coupling strength could be observed.

The electronic structure of the B850 band was analysed using a novel technique — widefield

fluorescence-excitation spectroscopy — which was shown to speed up the measurement time

by a factor of 50 compared to conventional confocal fluorescence-excitation spectroscopy. It

was confirmed that the B850 assembly of BChl a pigments in LH2 represents a strongly cou-

pled system whose excited states at low temperature can be described as collective excitations,

so called Frenkel excitons. The low energy k = ±1 exciton states could be resolved. On the

basis of Monte-Carlo simulations a distribution of the site energies (random diagonal disorder)

and a C2-type modulation of the site energies and the interactions (correlated diagonal and off-

diagonal disorder) had to be assumed to account for the relative intensities and spectral positions

of the k = ±1 exciton transitions. The modulation of the site energies was thought to be im-

posed by a small elliptical deformation of the complex which induces conformational changes

in the local proteins environment of the BChl a molecule and influences their site energies. Such

a small geometrical perturbation instead of an elliptical deformation of 7–8.5% as proposed in

literature is more compatible with the circular structure observed in x-ray crystallography.

From measurements on LH1 it was concluded that the B870 assembly of BChl a pigments also

represents a strongly coupled system. The experimental observations proved to be distinctly

different from those of the B850 band of LH2. The evidence for a circular exciton was less

pronounced as the spectra showed a large variation concerning the number of absorption bands

and their polarisation behaviour which was attributed to a pronounced structural disorder on

the basis of theoretical considerations as well as Monte-Carlo simulations. For LH1 complexes

from Rhodopseudomonas acidophila it was not clear whether these structural variations are a

native property of the complexes or whether they are induced by isolation, purification and de-

position of the sample. In contrast three different types of LH1 complexes from Rhodobacter

sphaeroides were looked at for which a structural model exists in literature. The optical prop-

erties of the measured spectra were in accordance with the suggested models. However, the

observations did not completely rule out other structural arrangements.

A second point of interest lay in spectral diffusion processes in the weakly coupled assembly of

B800 pigments. Here, the chromophores were used as local probes to monitor the heterogeneity
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in their local environment. In general, the spectrum of a B800 ring of an individual LH2 com-

plex from Rs. molischianum showed several narrow lines, indicating that the BChl a molecules

absorb at slightly different excitation energies. This spectral heterogeneity could be attributed

to intra- and inter-complex disorder, reflecting the differences in excitation energy of the B800

chromophores within and between complexes and their ratio could be analytically modelled

by assuming that the energetic disorder of the site energies of the B800 BChl a molecules is

described by a single random variable.

Apart from static disorder, also temporal spectral changes in the B800 spectrum were observed

which were attributed to conformational changes of the proteins in the vicinity of the chro-

mophores as the BChl a molecules react on changes of the pigment-protein interaction with

changes of their excited state energy. In was found that the spectral diffusion was not always a

random process but that for some complexes the absorptions changed their spectral position in

a correlated way. With respect to the energy separation of correlated diffusing absorption lines

and the related timescales three different groups of spectral diffusion were found. These groups

could be attributed to the presence of at least three distinct tiers in the hierarchically organised

rugged energy landscape of the proteins in the binding pocket of the B800 BChl a molecules.

To automatise and simplify the analysis of a large number of consecutively recorded spectra a

pattern recognition approach using multivariate statistical analysis was applied which groups

similar looking spectra into classes. As the transition energy of the BChl a chromophores de-

pends on their environment each class comprises spectra that were recorded at times during

which the chromophores featured very similar environments, thus eliminating spectral diffu-

sion. The approach was first tested for its applicability on spectroscopic data on two previously

analysed complexes featuring different types of spectral diffusion and it was found that the soft-

ware proved to be useful in analysing spectroscopic data from single-molecule experiments. In

the second step, a complex for which a huge number of spectra had been recorded was analysed.

This revealed that the B800 absorptions consist of a narrow zero-phonon line accompanied by a

broad less intense phonon side-band. The related Huang–Rhys factor of 0.21–0.84 is indicative

for a very weak electron-phonon coupling in the B800 band.

A final experiment was performed on a sample of LH1 complexes from Rhodobacter sphaeroides

containing a low concentration of LH2 impurities. In some spectra a clear indication was found

for an energy transfer from a peripheral LH2 to a core LH1-RC complex in a single supramolec-
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ular LH2-LH1-RC aggregate. The observation of narrow lines in the B800 region of the fluores-

cence excitation spectrum suggested that one or, at most two LH2 were attached to a LH1-RC

complex. These findings were supported by further experiments in which two independent so-

lutions were mixed which contained either isolated LH2 or isolated LH1-RC complexes from

Rhodopseudomonas acidophila. This resulted in fluorescence-excitation spectra similar to those

observed for Rhodobacter sphaeroides, suggesting that the interaction between the peripheral

and core antenna complex is strong enough to withstand partly detergent exposure during the

purification procedure and to form photosynthetic units even in a non-membrane environment.

All experiments in this thesis were conducted on light-harvesting complexes embedded in a

polymer matrix, which is far off from the natural environment and it was argued that some of the

observed properties, especially the large structural heterogeneity, might be induced by the poly-

mer environment. Therefore, it would be interesting to study the complexes in their biological

surrounding. In future experiments, a native environment could be mimicked by incorporating

the complexes into lipid bilayers, which would also lead to a more defined orientation of the

complexes with respect to the substrate.

A further goal would be the application of the multivariate statistical analysis to the B850 band

of LH2, where the broad k = ±1 absorptions appear to have identical line shapes. However,

theory predicts that the linewidths of the two bands should be different and only appear identical

in the measurements due to spectral diffusion processes. It would be interesting whether the

pattern recognition approach could eliminate the spectral diffusion and reveal this difference.

The development of technological products is a continuous process which has led, for instance,

in the case of the electron-multiplied CCD camera to an enormous improvement of its sensitivity

and read-out speed during the work on this thesis. Also optical techniques have improved and

it is now possible to employ total internal reflection microscopy inside the cryostat used for

this thesis, increasing the signal-to-noise ratio. This progress has opened the possibility to

investigate the narrow spectrally diffusing absorptions in the B800 band of LH2 with widefield

fluorescence-excitation microscopy, which would allow to gain equally detailed information on

the observed phenomena but at a much higher statistical significance.

In conclusion, this thesis demonstrated that low-temperature single-molecule spectroscopy pro-

vides a unique method to reveal details of pigment-pigment interactions in the weak to interme-

diate as well as strong coupling limit that are inaccessible by other experimental methods.
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T. AARTSMA, “Spectroscopy on the B850 Band of Individual Light-Harvesting 2 Complexes

of Rhodopseudomonas acidophila I. Experiments and Monte Carlo Simulations”. Biophys. J. 80

1591–1603 (2001).



Bibliography 143
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fer and trapping in photosynthesis”. Biochim. Biophys. Acta 1187 1–65 (1994).

[55] COGDELL, R., N. ISAACS, T. HOWARD, K. MCLUSKEY, N. FRASER, AND S. PRINCE, “How

Photosynthetic Bacteria Harvest Solar Energy”. J. Bacteriol. 181 3869–3879 (1999).
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Deutsche Zusammenfassung

In dieser Arbeit wurden so genannte Lichtsammelkomplexe (light-harvesting complexes, LH)

aus dem Photosyntheseapparat von Purpurbakterien untersucht. Die bakterielle Photosynthe-

se ist in verschiedene Schritte gegliedert und beginnt mit der Absorption eines Photons von,

zum Beispiel, eine Gruppe von B800 Bacteriochlorophyll (BChl) a Molekülen im peripheren

LH2 Komplex (Kapitel 4 und 5). Dieser folgen rasche Energieüberträge auf die B850 Pigment-

gruppe von LH2 (Kapitel 6), weiter auf die B870 Pigmentgruppe im zentralen LH1 Komplex

(Kapitel 7) und letztendlich zum Reaktionszentrum (reaction centre, RC), wo eine Ladungs-

trennung stattfindet, die ihrerseits eine Protonierung eines Chinons zur Folge hat. Die Namen

der Pigmentgruppen beziehen sich dabei auf deren Absorptionsmaximum im nahen Infrarot.

Das protonierte Chinon verläßt das RC, um weitere biochemische Prozesse in der Membran

anzutreiben. Die vollständige Abfolge der Energieüberträge findet in der sogenannten photo-

synthetischen Einheit (photosynthetic unit, PSU) statt, welche ein supramolekulares Aggregat

aus Antennenkomplexen darstellt (Kapitel 8). Im Folgenden werden die Resultate dieser Arbeit

zusammengefaßt.

In einer Reihe von Experimenten lag das Hauptaugenmerk auf den spektralen Eigenschaften der

in den Lichtsammelkomplexen eingebetteten BChl a Moleküle. Mittels polarisationsabhängiger

Spektroskopie konnten für alle Pigmentgruppen detaillierte Erkenntnisse bezüglich der Wech-

selwirkung zwischen den Pigmenten gewonnen und der Charakter der angeregten Zustände

aufgeklärt werden.

Die B800 Pigmentgruppe zeichnet sich dadurch aus, daß die Anregungen der BChl a Pigmente

hauptsächlich auf einzelnen Molekülen lokalisiert sind. Die Beobachtung, daß sich die relativen
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Orientierungen der Übergangsdipolmomente von 0◦, 45◦ oder 90◦ — wie von der Röntgenkris-

tallstruktur vorhergesagt — unterscheiden ist jedoch ein direkter Hinweis auf eine schwache bis

mittelstarke elektronische Kopplung zwischen den einzelnen BChl a Molekülen.

Die elektronische Struktur der B850 Bande wurde mit einer neu entwickelten Technik unter-

sucht, der Weitfeld-Fluoreszenzanregungsspektroskopie, welche die Messungen um einen Fak-

tor 50 im Vergleich zur herkömmlichen konfokalen Fluoreszenzanregungsspektroskopie be-

schleunigen konnte. Es konnte bestätigt werden, daß die B850 Pigmentgruppe ein stark gekop-

peltes System darstellt dessen angeregte Zustände bei tiefen Temperaturen als kollektive Anre-

gungen, so genannte Frenkel-Exzitonen, beschrieben werden können. Dabei wurden die energe-

tisch niedrigsten k = ±1 Exzitonzustände identifiziert. Um die experimentell beobachteten re-

lativen Intensitäten und spektralen Positionen der k = ±1 Exzitonübergänge in Monte-Carlo Si-

mulationen reproduzieren zu können, mußte eine Streuung der Übergangsenergien (willkürliche

diagonale Unordnung) sowie eine C2-artige Modulation der Übergangsenergien und der Wech-

selwirkungen (korrelierte diagonale und außerdiagonale Unordnung) angenommen werden. Es

wurde vermutet, daß die Modulation der Übergangsenergien durch eine kleine elliptische De-

formierung des Komplexes hervorgerufen wird. Dies ist durchaus denkbar, da eine strukturelle

Deformierung Konformationsänderungen in der lokalen Proteinumgebung der BChl a Moleküle

hervorruft, welche deren Übergangsenergien beeinflußt. Eine solch kleine geometrische Störung

statt einer elliptischen Deformierung von 7–8.5%, wie in der Literatur vorgeschlagen, ist auch

besser im Einklang mit der zirkularen Symmetrie, die in der Röntgenstruktur beobachtet wurde.

Auf Grund von Messungen an LH1 wurde gefolgert, daß die B870 Pigmentgruppe ebenfalls

einen stark gekoppelten Verbund darstellt. Die experimentellen Beobachtungen unterschieden

sich jedoch eindeutig von jenen an der B850 Bande von LH2. Die LH1 Spektren weisen starke

Schwankungen in Bezug auf die Anzahl der Absorptionsbanden und deren Polarisationsver-

halten auf wodurch die Indizien für ein zirkulares Exziton weitaus weniger ausgeprägt sind.

Theoretische Betrachtungen und der Vergleich mit Monte-Carlo Simulationen ließen strukturel-

le Unordnung als Ursache in Betracht kommen. Bei den LH1 Komplexen von Rps. acidophila

war nicht klar, ob die strukturellen Schwankungen eine native Eigenschaft der Komplexe sind,

oder ob sie durch Trennen, Reinigen und Aufbringen der Komplexe auf dem Probenträger verur-

sacht wurden. Im Gegensatz dazu wurden drei unterschiedliche Typen LH1 von Rb. sphaeroides

vermessen, für die in der Literatur Strukturmodelle existieren. Die optischen Eigenschaften der

gemessenen Spektren stehen im Einklang mit den hypothetischen Modellen, schließen jedoch
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andere strukturelle Zuordnungen nicht vollständig aus.

Ein zweiter Interessenpunkt lag in spektralen Diffusionsprozessen die im schwach gekoppelten

B800 Verbund auftreten. In diesem Fall wurden die Chromophore als lokale Sonden benutzt,

um neue Erkenntnisse über ihre lokale Umgebung und die Wechselwirkungen mit dem Protein-

gerüst zu gewinnen. Das Spektrum eines B800 Rings eines einzelnen LH2 Komplexes von Rs.

molischianum besteht im Allgemeinen aus mehreren schmalen Linien, was ein Zeichen dafür

ist, daß die BChl a Moleküle bei leicht unterschiedlichen Energien absorbieren. Diese spektrale

Heterogenität konnte Inter- und Intra-Unordnung zugewiesen werden welche Unterschiede in

Anregungsenergien der B800 BChl a Moleküle innerhalb, beziehungsweise zwischen den Kom-

plexen beschreiben. Ihr relativen Beitrag zur Gesamtunordnung konnte unter der Annahme, daß

die energetische Unordnung der Anregungsenergien der B800 BChl a Moleküle mittels einer

unabhängigen Variablen beschrieben werden kann analytisch modelliert werden .

Neben der statischen Unordnung wurden auch zeitliche spektrale Änderungen im B800 Spek-

trum beobachtet, welche auf Konformationsänderungen der Proteine in der Nähe der Chromo-

phore zurückgeführt wurden, da die BChl a Moleküle auf Veränderungen der Pigment-Protein

Wechselwirkung mit einer Änderung der Energie ihres angeregten Zustandes reagieren. Es wur-

de beobachtet, daß solche spektralen Änderungen längst nicht immer ein willkürlicher Prozeß

sind, sondern, daß bei manchen Komplexen die Absorptionen in einer korrelierten Art und Wei-

se ihre spektrale Positionen änderten. In Bezug auf den energetischen Abstand der korreliert

diffundierenden Linien und die zugehörigen Zeitskalen wurden drei verschiedene Arten von

spektraler Diffusion beobachtet, die dem Vorhandensein von mindestens drei eindeutig aus-

geprägten Stufen in der hierarchisch organisierten Energielandschaft der Proteine in den Bin-

dungstaschen der B800 BChl a Moleküle zugeschrieben wurden.

Um die Auswertung einer großen Anzahl von sequentiell aufgenommenen Spektren zu verein-

fachen und zu automatisieren, wurde eine Vorgehensweise mittels Mustererkennung eingeführt,

welche mit Hilfe der multivariaten statistischen Analyse Gruppen von ähnlichen Spektren in

Klassen sortiert. Da die Übergangsenergie der BChl a Moleküle und damit das Aussehen des

Spektrums von ihrer lokalen Umgebung abhängt, wird jede Klasse solche Spektren beinhalten,

die zu Zeiten aufgenommen wurden in denen sich die Chromophore in gleichartiger Umgebung

befanden mit dem Resultat, daß das gemittelte Spektrum einer jeden Klasse praktisch frei ist

von spektraler Diffusion. Diese Vorgehensweise wurde zuerst anhand von zwei bereits manuell
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ausgewerteten Komplexen auf ihre Anwendungsfähigkeit auf spektroskopischer Daten getestet.

Dieser Test verlief erfolgreich und bestätigte der Methode einen sinnvollen Einsatz in der Aus-

wertung spektroskopischer Daten von Einzelmolekülexperimenten. In einem zweiten Schritt

wurde ein Komplex analysiert von welchem eine sehr große Anzahl an Spektren gemessen

worden war. Dies offenbarte, daß die B800 Absorptionen aus einer schmalen Nullphononenline

bestehen, die von einer breiten, weniger intensiven Phononseitenbande begleitet wird. Der da-

mit zusammenhängende Huang-Rhys Faktor beträgt 0.21–0.84, welches auf eine sehr schwache

Elektron-Phonon-Kopplung hinweist.

Eine letzte Beobachtung betraf eine Probe von LH1 Komplexen von Rhodobacter sphaeroides,

in welcher sich eine geringe Konzentration an LH2 Verunreinigung befand. Dabei wurde in

machen Spektren ein klares Indiz für den Energieübertrag von einem peripheren LH2 Kom-

plex auf einen zentralen LH1 Komplex in einem einzelnen supramolekularen LH2-LH1-RC

Aggregat gefunden. Die Beobachtung von schmalen Linien in der B800 Umgebung des Fluo-

reszenzanregungsspektrums deutete darauf hin, daß ein, oder höchstens zwei LH2 Komplexe

an einen LH1 Komplex gebunden waren. Diese Resultate wurden durch weitere Experimente

untermauert in welchen zwei unabhängige Lösungen, einerseits mit isolierten LH2 Komplexen

von Rps. acidophila und andererseits mit LH1-RC Komplexen der gleichen Spezies, gemischt

wurden. Dies mündete in der Beobachtung von ähnlichen Fluoreszenzanregungsspektren wie

bei Rb. sphaeroides und deutete auf eine hinreichend starke Wechselwirkung zwischen peri-

pherem und zentralem Antennenkomplex hin, wodurch eine Kopplung der beiden Komplexe

auch bei Aussetzung an Detergens während der Proteinreinigung bestehen bleiben kann.

Alle Experimente der vorliegenden Arbeit wurden an Lichtsammelkomplexen, die in einem Po-

lymerfilm eingebettet waren durchgeführt, was nicht im Entferntesten ihrer natürlichen Umge-

bung entspricht. Es wäre denkbar, daß einige der beobachteten spektralen Eigenschaften, vor al-

lem die strukturelle Inhomogenität, durch die Polymerumgebung induziert wurden. Daher wäre

es von Interesse, die Komplexe in ihrer biologischen Umgebung zu untersuchen. In zukünfti-

gen Experimenten könnte man eine native Umgebung nachahmen, indem man die Komplexe

in eine Doppellipidschicht integriert. Diese Art der Einbettung würde auch eine definiertere

Orientierung bezüglich des Substrates als in den Polymerfilmen versprechen.

Ein weiteres Ziel wäre die Anwendung der multivariaten statistischen Analyse auf die B850

Bande von LH2. Die k = ±1 Absorptionsbanden scheinen in den im Rahmen dieser Arbeit
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durchgeführten Messungen die gleiche Linienform aufzuweisen. Theoretische Betrachtungen

sagen jedoch unterschiedliche Linienformen vorher und machen spektrale Diffusion für die An-

gleichung der Linienformen an einander verantwortlich. Es wäre interessant, ob die Vorgehens-

weise mittels Mustererkennung die spektrale Diffusion eliminieren könnte und unterschiedliche

Linienformen preisgäbe.

Die Entwicklung technischer Produkte ist ein kontinuierlicher Prozeß der während der Durch-

führung dieser Arbeit zum Beispiel bei der Elektronmultiplizierenden-CCD Kamera zu ei-

nem enormen Zuwachs der Empfindlichkeit und Auslesegeschwindigkeit geführt hat. Optische

Techniken haben sich ebenfalls weiterentwickelt und es ist heutzutage möglich, Tieftempe-

raturspektroskopie mittels totaler interner Reflexion durchzuführen und damit das Signal-zu-

Rausch Verhältnis der Spektren zu erhöhen. Diese Fortschritte haben die Möglichkeit eröff-

net, die schmalen spektral diffundierenden Absorptionslinien der B800 Bande von LH2 mittels

Weitfeld-Fluoreszenzanregungsspektroskopie zu untersuchen und somit die statistische Signifi-

kanz der beobachteten Phänomene drastisch zu verbessern.

Zusammenfassend konnte in dieser Arbeit gezeigt werden, daß die Tieftemperatureinzelmo-

lekülspektroskopie eine einzigartige Methode darstellt, um wichtige Details der Pigment-Pig-

ment Wechselwirkungen im Bereich der schwachen, mittleren sowie starke Kopplung zu unter-

suchen, die für andere experimentelle Methoden unzugänglich sind.
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Prof. Dr. Jochen Feldmann möchte ich ganz herzlich für die Aufnahme am Lehrstuhl in München
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