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1 Introduction

Photosynthesis, the biological process whereby solar energy is stored as a fuel, is
the vital link between the energy of the sun and life on earth [1]. Due to their
comparatively simple structural organization, purple photosynthetic bacteria have
proved to be excellent model organisms with which to study the early reactions
of photosynthesis. Purple bacteria are anaerobic photosynthetic organisms that
live in the anaerobic layers of ponds, lakes and streams [2]. This ecological niche
entails that the spectrum of the solar radiation that reaches the purple bacteria
has previously been filtered by the chlorophyll containing plants and algae located
in the oxygenic phototrophs, in the water layers above the purple bacteria. The
filtering removes the blue and red light from the spectrum and accordingly, purple
bacteria have to ‘make their living’ by utilizing green light and the light from the
near infra-red (NIR) spectral region. For this purpose purple bacteria incorporate
bacteriochlorophyll (BChl) and carotenoid molecules as their light-absorbing pig-
ments, whose major absorption bands lie in the required spectral regions.
As in the habitat of purple bacteria, at the bottom of ponds, light conditions are
quite dark in comparison to e.g. bright daylight at the surface, they make use of
a light-harvesting (LH) antenna system. These are pigment-protein complexes re-
sponsible for the absorption of light and the rapid and efficient transfer of this
absorbed energy to a reaction center (RC), where it is used to initiate a transmem-
brane charge separation. The effect of the LH apparatus is to increase the cross-
section for light-absorption of each RC, or, putting it differently, to concentrate
diffuse solar energy at the RC [2]. Furthermore, depending on the light-conditions
under which they are grown, purple bacteria are able to adapt the size of the LH
apparatus per RC, where this size is increased under low-light illumination and de-
creased under high-light illumination [3]. Finally, the absorption cross-section of a
bacterial cell is physically increased, as the LH system and all further constituents
of the photosynthetic apparatus are located in and on intracytoplasmic membranes,
which are infoldings of the cell membrane towards the cytoplasmic space of the cell
in form of vesicles, tubes or lamellae.
Most purple bacterial species contain two types of antenna complexes, the periph-
eral light-harvesting 2 (LH2) complex and the light-harvesting 1 (LH1) complex
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1 Introduction

which forms a closely associated unit with a RC, known as the RC-LH1 core com-
plex. The LH2 complexes are not in direct contact with the RC, but are arranged
around the RC-LH1 complexes in a two-dimensional array. The shape of both
types of LH complexes is predominantly circular and the pigment molecules are
non-covalently bound within a protein scaffold. In the LH2 complexes one can
actually distinguish between two characteristic rings of BChl molecules, the B800
ring and the B850 ring, whereas in LH1 only one ring of BChl molecules can be
found, the B880 ring. The different BChl assemblies are named according to their
absorption maxima in the NIR. The hierarchical arrangement of these BChl arrays
- high-energy pigments are physically distant from the RC, while low-energy pig-
ments are physically closer to the RC - results in a rapid and very efficient funneling
of the excitation energy to a RC [4].
A process that greatly helps in maintaining a high transfer efficiency to a RC, is
the quantum coherent sharing of excitation between multiple pigments in strongly
coupled pigment aggregates [5]. This process, also referred to as excitonic coupling,
combines the transition-dipole moments of the pigments involved, and modifies the
excited-state energy levels, thereby enabling rapid transfer of excitation over large
distances. As a result of the excitonic coupling of the pigments in the LH com-
plexes and in the RC, Förster resonant energy transfer (FRET) rates between the
LH complexes and between the LH1 complex and the RC become high enough, to
ensure that the energy of most photons absorbed by the LH2 complexes reaches a
RC within about 100 ps, thus achieving a transfer efficiency of about 90% in the
photosynthetic apparatus of purple bacteria.
Lately the effect of quantum coherence, manifesting itself in characteristic quantum
beating signals between the electronic energy eigenstates, on the energy transfer ef-
ficiency received increasing interest in literature ([1, 6, 7] and references therein).
For instance, in [7], where quantum coherent energy transfer was first identified
in individual LH2 complexes, it was argued that long-lived quantum coherence
might render the energy transfer process robust against intrinsic disorder in the
pigment-protein complexes, being a prerequisite for efficient light harvesting. Even
more specific, in [1] electronic coherences were revealed between excitonic states as
well as between excitonic and charge-transfer states in a photosynthetic RC, and
evidence was presented for a strong correlation between the degree of electronic
coherence and efficient and ultrafast charge separation in the RC.
When the excitation has reached the RC, charge separation takes place as an ex-
cited electron is transferred in several steps to an ubiquinone molecule which is
loosely bound in the RC. After a second turnover the fully reduced ubiquinone
leaves the RC-LH1 complex and passes into the membrane space, in order to trans-
fer electrons to the cytochrome b/c1 complex as part of a cyclic electron transport
pathway that drives bacterial photosynthesis. It seems that different species of
purple bacteria have evolved different types of RC-LH1 complexes to enable the
transfer of ubiquinone through the LH1 complex [8]. With the recent presenta-
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tion of the crystal structure of the RC-LH1 complex from Thermochromatium (T.)
tepidum [9], one can basically distinguish between three different types of RC-LH1
complexes: The first type is dimeric, where a S-shaped LH1 complex surrounds two
RCs, and the two latter types are monomeric, with one RC encircled by an elliptical
LH1 complex, respectively. Both the dimeric complex and one of the monomeric
complexes contain gaps in their LH1 aggregates (two for the dimeric LH1 and one
for the monomeric LH1) and it was argued that these gaps may act as a gate for the
shuttling of ubiquinone. For the remaining monomeric RC-LH1 type, defined by
the RC-LH1 complex from T. tepidum, the LH1 complex forms a completely closed
ring around the RC. Here, channels have been found in the LH1 complex at a level
corresponding to the middle of the transmembrane region and it was suggested
that these channels provide the same function as the gaps in the two other types of
RC-LH1 complexes. To date, structural information on the RC-LH1 complex from
Rhodopseudomonas (Rps.) acidophila which is investigated in this thesis, is very
limited. It is only known that the RC-LH1 complexes from this bacterial species
are in all likelihood monomeric [2, 10].
In this thesis single-molecule spectroscopy has been performed on individual RC-
LH1 complexes. The intriguing feature of this type of spectroscopy is, that spec-
tral details become visible that are otherwise buried under the ensemble average
[11, 12]. In fluorescence-excitation spectra of individual LH complexes, the number
of absorption lines, their spectral positions and the mutual orientation of their cor-
responding transition-dipole moments, provides information about the electronic
structure of the strongly coupled pigment aggregates. By combining this informa-
tion with the results from numerical simulations, it is possible to make predictions
on the specific geometric arrangement of the pigments in these aggregates [13–15].
Since the native photosynthetic membrane comprises a variety of different pigment-
protein and protein complexes, a systematic investigation of a specific, individual
complex is not possible in this environment. For investigation, the different com-
ponents of the photosynthetic apparatus are therefore detergent-solubilized from
their host biological membrane and separated from each other. This can pose a
problem, since it is generally assumed that the LH complexes are more stable and
fully native when they are housed in a lipid bilayer as compared to a detergent
environment [16–19], and in particular LH1 complexes are considered to be more
fragile than LH2 complexes [2, 20].
This thesis is structured as follows: In chapter 2 the biological and photo-physical
properties of the photosynthetic apparatus of purple bacteria are introduced. In
chapter 3 the sample preparation and the low-temperature single-molecule setup
are described. Chapter 4 is divided in two parts: In the first part RC-LH1 com-
plexes from Rps. acidophila are revisited for single-molecule spectroscopy, this time
applying a relatively mild detergent, and the results are compared to a precursor
study, where the complexes were stabilized in a more deactivating detergent. In
the second part, the influence of the environment on the spectra of the RC-LH1
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1 Introduction

complexes from Rps. acidophila is investigated, thereby seeking to test whether
the immobilization of the complexes in a polyvinyl alcohol matrix might lead to a
deformation of the LH1 structure. In chapter 5 the statistical distributions of the
spectral features of the RC-LH1 complexes are compared to the data from numer-
ical simulations of different LH1 model structures. In doing so, a LH1 model is
found that can satisfyingly reproduce the experimental data. Finally, in chapter
6 an alternative interpretation of the spectral characteristics of the RC-LH1 com-
plexes is proposed, taking the specific overlap between the exciton wavefunctions
for the exciton relaxation dynamics into account.
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2 Light-harvesting complexes

2.1 The photosynthetic apparatus of purple
bacteria

The photosynthetic apparatus of purple bacteria resides in the intracytoplasmic
membrane of the bacterial cell. It consists of several transmembrane protein and
pigment-protein complexes. Generally, one distinguishes between the primary “light-
reactions” of the photosynthetic process, followed by the “dark-reactions”. In this
section, firstly the “light-reactions” will be described and the components of the
photosynthetic apparatus which are involved in them, and subsequently the “dark”
processes will be referred to.
The “light-reactions” take place within the so called photosynthetic unit (PSU)
which, for most purple bacterial species, consists of two well defined pigment-protein
complexes - the peripheral light-harvesting 2 (LH2) complex and the reaction-center
light-harvesting 1 (RC-LH1) core complex [2, 4]. Thereby, each LH1 complex di-
rectly surrounds a RC, whereas the LH2 complexes are not in direct contact with
a RC, but are arranged around the RC-LH1 complexes in a two-dimensional array
(Figure 2.1a,b). Generally, the “light-reactions” occurring in the PSU can be divided
into four basic steps: (I.) Absorption of sunlight by the light-harvesting complexes
LH2 and LH1, (II.) ultrafast transfer of the excitation energy to a photo-active
pigment pair (special pair, P) in the RC, (III.) oxidation of P upon its relaxation
from the excited state and (IV.) stabilization of the charge-separated state by sec-
ondary electron transfer reactions (for I. and II. see Figure 2.1b, for III. and IV.
vide infra). Regarding the steps I and II, the light-harvesting antennas LH2 and
LH1 drastically increase the effective cross-section for light absorption of each RC.
Thus, while under bright sunlight a single chlorophyll molecule would only absorb
about 10 photons per second, the maximum turnover rate of a purple bacterial
RC is about 1000 Hz [4, 22]. Furthermore, depending on the light intensity under
which they are grown, purple bacteria are able to adapt the ratio of peripheral LH2
complexes per RC-LH1 core complex, where this ratio is increased under low-light
conditions and decreased under high-light conditions [3]. In this way, the bacteria
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2 Light-harvesting complexes

Figure 2.1: (a) High-resolution atomic force microscopy (AFM)-topograph of a native pho-
tosynthetic membrane (scale bar, 10 nm, from [3]). The constituents of the photosynthetic
unit (PSU) are well discernable - seven peripheral LH2 complexes (small rings) surround one
RC-LH1 core complex (large ring). (b) Sketch of the PSU indicating the primary steps in
bacterial photosynthesis - absorption of light by the light-harvesting complexes LH2 and LH1,
and efficient transfer of the energy to a photo-active pigment pair (special pair, P) in the RC.
The white bars indicate the bacteriochlorophyll (BChl) a molecules of the B850 and the B880
pigment arrays in LH2 and LH1, respectively, and the two BChl a molecules of the RC special
pair, P. The pigment molecules are held in place by a protein scaffold indicated in red (adapted
from [21]). (c) Room-temperature absorption spectra of the LH2 and RC-LH1 complexes from
Rps. acidophila solubilized from their native membrane environment (from [2]). The charac-
teristic absorption bands of the LH complexes in the near infra-red (NIR) are indicated, B800
and B850 for LH2 and B880 for LH1. The P absorption of the RC (≈ 870 nm, [4]) is hidden
under the LH1 B880 band.

ensure efficient photon capture at low-intensity illumination and prevent photodam-
age at high-intensity illumination. During the last decade atomic force microscopy
(AFM) has proven a powerful tool to reveal the supramolecular assembly of the
pigment-protein complexes in the PSU of native membranes (Figure 2.1a, see [23]
for a review).
Through interactions with the protein scaffold and with each other the absorption
wavelengths of the pigment molecules in the light-harvesting complexes LH2 and
LH1 can be specifically tuned (this will be discussed in greater detail in the progress
of this work). As a result, LH2 complexes have two strong absorption bands in the
near infra-red (NIR) at about 800 and 850 nm, while LH1 complexes only have a
single strong absorption band at about 880 nm (Figure 2.1c). In this way, purple
bacteria do not only broaden the wavelength range over which light can be absorbed,
but also make use of the concept of the energy funnel [2, 4]. This concept bases on
the principle that light-harvesting complexes which are more distant from the RC
absorb at shorter wavelengths (LH2), while light-harvesting complexes proximal to
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2.1 The photosynthetic apparatus of purple bacteria

the RC absorb at longer wavelengths (LH1). Energy transfer then occurs from the
high-energy pigments (LH2) to the lower-energy pigments (LH1) which are physi-
cally closer to the RC. The small amount of energy loss during each transfer step
provides a degree of irreversibility to the process.

Figure 2.2: Cartoon of a section through the intracytoplasmic membrane of a purple bac-
terium, showing the different components of the photosynthetic apparatus and the various
steps of the cyclic electron transfer in bacterial photosynthesis (adapted from [2]). The black
bars in the light-harvesting complexes indicate the positions and orientations of the B800 and
B850 BChls in LH2, the B880 BChls in LH1 and the special pair (P) BChls in the RC. The
numbers indicate the respective absorption maxima of the pigments, in nm. The gray arrows
indicate energy transfer upon absorption of light and the black arrows follow the cyclic electron
transfer pathway which is coupled to the translocation of protons from the cytoplasm to the
periplasm. For details see text.

In the cartoon of the photosynthetic membrane in Figure 2.2 the complete photo-
synthetic process of purple bacteria, comprising both the “light-reactions” and the
“dark-reactions”, is sketched. Beginning with the absorption of light, this process
finally ends with the formation of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (Pi). In the following the crucial
steps of this photo-induced cyclic electron transfer chain will be briefly described
[2, 4, 24–26]. “Light-reactions” (vide supra): Upon absorption of a photon by a
pigment molecule in one of the peripheral antenna complexes the excitation energy
is transferred via neighboring pigments and complexes to the special pair (P) in the
RC within about 60 ps [27]. Thereby, the energy transfer from LH1 to P, occurring
roughly within 35 ps, is the rate-limiting step of the overall trapping process which
still has a high quantum yield of about 95%. In the RC the energy is used for
the release of an electron upon relaxation of the excited P. “Dark-reactions”: In a
stepwise electron transfer the electron finally reaches QB, where in the last step the
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2 Light-harvesting complexes

electron is transferred from the permanently bound, primary ubiquinone QA to the
exchangeable, secondary ubiquinone QB. As wasteful back reactions, in which the
electron returns to the oxidized P from one of the acceptors in the electron transfer
chain, are by at least a factor of 50 slower than the forward reactions, this leads
to a stable charge separation across the membrane. After a second turnover, the
now doubly reduced QB picks up two protons from the cytoplasmic space to form
ubiquinol, QBH2. QBH2 which is only weakly bound in the RC, leaves the RC
through the LH1 complex into the membrane lipid phase towards the cytochrome
b/c1 complex. There QBH2 is oxidized by cytochrome c (cyt c), a reaction catalyzed
by the cytochorme b/c1 complex which releases two protons into the periplasmic
space. The cyclic electron transfer is completed by the reduction of the photo-
oxidized primary electron donor P by cyt c. In the RC, QBH2 is replaced by an
oxidized ubiquinone (shown as Q in Figure 2.2) from the membrane lipid phase.
Regarding the overall process, it can be seen that the cyclic electron transfer is
coupled to the translocation of protons from the cytoplasm to the periplasm, re-
sulting in a proton gradient across the membrane. This so called proton motive
force is then used to fuel the ATP synthase for the phosphorylation of ADP to ATP.
With this last step, the conversion of solar energy into chemically bound energy is
completed and ATP can now be used as energy source for the metabolism of the
bacterium.

2.2 Pigment molecules

As already seen, chlorophyll molecules accomplish different functions in the photo-
synthetic process, such as light harvesting and excitation transfer in the antenna
system, and charge separation in the RC. Most species of purple bacteria express
BChl a as their chlorophyll pigment and only few species express BChl b, but not
both types are expressed in the same species [4].
The structure of BChl a is depicted in Figure 2.3a. It consists of a planar, squarish
(side length ≈ 10 Å) bacteriochlorin ring with a central Mg2+-ion and a covalently
bound phytol chain which serves as anchor for the pigment in the protein scaffold.
The conjugated double bonds in the bacteriochlorin ring are responsible for the
characteristic BChl a absorption spectrum (Figure 2.3b). The main electronically
excited singlet states of BChl a are termed Qx (S2) and Qy (S1), respectively.
Their transition-dipole moments have a mutually orthogonal polarization and, for
monomeric BChl a in 7:2 (v/v) acetone:methanol, the corresponding absorption
peaks can be found at 590 nm (Qx) and at 772 nm (Qy) (Figure 2.3). Two energet-
ically higher transitions, Bx/By (S3/S4), give rise to the Soret band below 400 nm.
The Soret transitions have a mixed polarization. Around 700 nm a vibrational
overtone transition which couples to the electronic Qy transition can be observed
[28] (Figure 2.3b). Metal-free BChl a is called bacteriopheophytin (BPheo) a. This
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2.2 Pigment molecules

type of chromophore can be found e.g. in the RC of purple bacteria.

Figure 2.3: (a) Chemical structure of bacteriochlorophyll (BChl) a, consisting of a bacteri-
ochlorin macrocycle with a central Mg2+-ion and a hydrophobic phytol chain (adapted from
[29]). The five rings in the bacteriochlorin macrocycle are numbered according to the Fischer
system [4]. The gray arrows indicate the orientations of the Qy and the Qx transition-dipole
moments. (b) Room-temperature absorption spectrum of monomeric BChl a in 7:2 (v/v)
acetone:methanol, where the characteristic BChl a absorption bands are indicated (see text;
from [2]).

In the light-harvesting complexes the BChl a molecules are non-covalently bound
to the protein scaffold. Interactions of the pigments with the protein environment
through dispersive interactions (also known as ‘solvent shift’) [30], or more specif-
ically, through hydrogen-bonding of the protein residues to the side groups of the
bacteriochlorin macrocycle [31], induce shifts of the Qy transition energy. Further-
more, if on top of these interactions, the BChl a molecules in the light-harvesting
complexes also interact with each other, the Qy absorption band of BChl a can be
red-shifted by more than 100 nm in comparison to the non-solvated pigment [30].
Carotenoids are the other important class of pigments found in the light-harvesting
complexes. They are extended molecules with a delocalized π-electron system. The
major carotenoid in the RC-LH1 complex from Rps. acidophila, which is investi-
gated in this thesis, is spirilloxanthin [32], and this type of carotenoid was also found
in the recently published high-resolution crystal structure of the RC-LH1 complex
from T. tepidum [9]. By absorbing light in the visible range from 400−540 nm (see
e.g. Figure 4.2), the carotenoids fill the spectral niche left open by the BChls. These
absorption characteristics of the carotenoids are also responsible for the red/brown
color of purple bacteria, as, when embedded in the bacteria, the main BChl a
absorption bands lie in the NIR, outside the visible range [2]. Most importantly
however, besides light harvesting and energy transfer to chlorophyll-type pigments,
carotenoids in LH complexes function in a process called photoprotection [4, 33].
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2 Light-harvesting complexes

Thereby, carotenoids rapidly quench triplet excited states of chlorophylls, before
they can react with oxygen to form the highly reactive and damaging excited sin-
glet state of oxygen. Additionally, they also quench singlet oxygen if it is somehow
formed.

2.3 The LH2 complex from Rps. acidophila

The structure of the LH2 complex from Rps. acidophila is quite important for this
work, although the main objective was the investigation of the structure of the
LH1 complex from this bacterial species. For this, amongst others, numerical sim-
ulations have been applied. However, since, until recently [9], no high-resolution
structure of a RC-LH1 complex was available, for the buildup of LH1 model ag-
gregates for the numerical simulations (chapter 5), it was made use of the detailed
structural knowledge available for the LH2 complex from Rps. acidophila already
since 1995 [34]. In [34] the LH2 structure was determined to a resolution of 2.5 Å
and an even higher resolved (2.0 Å) LH2 crystal structure appeared in 2003 [35].
Therefore, the latter structure was chosen as reference point for the construction
of the LH1 model aggregates in the numerical simulations of this work. In the
present section the overall structural composition of the LH2 complex from Rps.
acidophila will be briefly described, with a main focus on the arrangement of the
BChl a pigments. With this, and also taking the following section 2.4 on RC-LH1
complexes into consideration, it will become clear that the BChl a arrangement in
LH2 and LH1 complexes is in part very similar.
Figure 2.4a shows a side-view of the LH2 complex from Rps. acidophila. It is a
circular nonamer in which the carotenoids (blue) and the BChl a molecules (red/yel-
low) are non-covalently bound to nine pairs of low-molecular-weight, hydrophobic
apoproteins, called α (gray) and β (green). Thereby, each αβ-heterodimer accom-
modates three BChl a molecules and one carotenoid, which is rhodopin glucoside in
the case of LH2 acidophila. If one would “walk” through the LH2 complex starting
from the cytoplasmic side, the first group of BChl a pigments one would encounter,
are nine monomeric BChl a molecules whose bacteriochlorin macrocycles lie flat,
parallel to the plane of the membrane (Figure 2.4b). The center-to-center distance
between these BChls is about 21 Å [2]. They give rise to the 800 nm absorption
band (Figure 2.1c) and are therefore referred to as B800 molecules. Proceeding
further upwards towards the periplasm, one encounters a second group of BChl a
molecules. In this pigment group 18 BChl a molecules can be found, two per each
αβ-apoprotein pair (Figure 2.4c). Thereby, the central Mg2+-ions of the BChls
are coordinated through histidine residues from the proteins, coming one from the
α-apoprotein and one from the β-apoprotein. The BChls in this pigment array are
tightly packed and oriented with the planes of their bacteriochlorin rings perpendic-
ular to the membrane plane. Looking from the periplasmic side, the arrangement
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2.3 The LH2 complex from Rps. acidophila

of these pigments is reminiscent to the blades of a turbine wheel. The center-to-
center separation between the BChls in this group amounts to 9.5 Å within an
αβ-heterodimer and to 8.8 Å between adjacent BChls of neighboring dimer units
[2]. This ring of strongly coupled BChls is collectively responsible for the LH2 ab-
sorption at 850 nm (Figure 2.1c) and they are therefore called B850 BChls.

Figure 2.4: (a) Crystal structure of the LH2 complex from Rps. acidophila viewed along the
plane of the membrane ([36], protein database (PDB) file: 2FKW). Color scheme (applies also
for the panels (b) and (c)): α/β apoproteins, gray/green; carotenoids (rhodopin glucoside),
blue; B800/B850 BChls, yellow/red. (b) The B800 BChl a molecules viewed from the cyto-
plasmic side, perpendicular to the plane of the membrane. These BChls are located between
the β-apoproteins with the planes of their bacteriochlorin rings parallel to the membrane plane.
The blue dots represent the central Mg2+-ions of the BChls. For clarity, the carotenoids and
the B850 BChl a molecules have been removed. (c) The B850 BChl a molecules viewed from
the periplasmic side, perpendicular to the plane of the membrane. These BChls are oriented
with the planes of their bacteriochlorin rings perpendicular to the membrane plane. Two B850
BChl a molecules are liganded in each αβ-apoprotein pair, forming a basic B850 modular unit
(blue shaded area). For clarity, the carotenoids and the B800 BChl a molecules have been
removed. The figure was created with PyMOL; Schrodinger, 2010.

As in LH1 complexes the BChl a molecules are also arranged in a tightly packed
manner, very similar to the B850 pigment array in LH2 (see next section 2.4), the
mutual orientation of the two B850 BChl a pigments in an αβ-heterodimer (Figure
2.4c) was used as reference for the basic modular unit in the construction of LH1
model aggregates used for numerical simulations (see chapter 5).

11



2 Light-harvesting complexes

2.4 RC-LH1 complexes

With the recent presentation of the high-resolution (3.0 Å) crystal structure of
the RC-LH1 complex from T. tepidum [9] and the reasonably resolved (4.8 Å)
structure of the RC-LH1 complex from Rps. palustris [24], one can basically dis-
tinguish between two types of monomeric core complexes: For the first type (T.
tepidum) the LH1 complex completely surrounds the RC, but for the second type
(Rps. palustris) an additional protein out of register with the array of inner LH1
α-apoproteins, creates a gap in the LH1 aggregate (Figure 2.5). Nevertheless, the
general construction principle of these two types of LH1 complexes is assumed to
be equivalent: Two BChl a molecules and one carotenoid (presumably for Rps.
palustris, vide infra) are non-covalently bound between two low-molecular-weight
apoproteins α and β. These subunits then oligomerize around the RC, forming a
closed array of 16 subunits for T. tepidum, whereas for Rps. palustris one subunit
is replaced by the so called ‘W’ protein. Thereby, it has to be noted that due to
the rather low resolution of the palustris structure, the macrocycles of the BChl
a molecules in the LH1 complex are positioned with low accuracy and it was not
possible to locate the carotenoid molecules [24] (Figure 2.5a,c). This was different
for the LH1 complex from T. tepidum [9] (Figure 2.5b,d). Here, it was shown that
the arrangement of the BChl a molecules in the LH1 complex is quite analogous
to the association of the B850 BChls in LH2, with an average Mg-Mg distance of
9.04 Å within a LH1 subunit and 8.46 Å between adjacent subunits. As for the LH2
complex, the two BChls in a LH1 αβ-heterodimer are liganded to histidine residues,
one coming from the α-apoprotein and one from the β-apoprotein. Additionally,
it was possible to locate the positions of the 16 carotenoid molecules (spirilloxan-
thin) in the LH1 complex, one per each αβ-heterodimer. In both types of LH1
complexes the BChls form a strongly coupled, elliptical array of 30 pigments in the
case of Rps. palustris and of 32 pigments for T. tepidum, giving rise to a single,
strong Qy absorption band in the 870 − 890 nm region, referred to as B880 band
(Figure 2.1c). For T. tepidum, Ca2+-binding to the LH1 apoproteins (Figure 2.5b)
results in a shift of this band to 915 nm. Overall, the two RC-LH1 complexes have
elliptical structures with comparable dimensions, with the long axis of the ellipse
amounting to 110 Å for Rps. palustris and to 105 Å for T. tepidum, measured as
the distance between the centers of opposing β-apoproteins. The RC of T. tepidum
has a permanent cytochrome unit, missing for the Rps. palustris complex which
has a Rb. sphaeroides-type RC without this subunit (Figure 2.5a,b).
It has been suggested that the reason for the different types of LH1 complexes is
the transfer of ubiquinone/ubiquinol (QB/QBH2) through the barrier of the LH1
complex, as part of the cyclic electron transport in purple bacterial photosynthesis
[8]. Thereby, for the RC-LH1 complex from Rps. palustris it was proposed that
the W protein may provide a portal through which QBH2 can traverse the LH1
complex. This notion is reinforced by the specific orientation of the LH1 complex
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2.4 RC-LH1 complexes

Figure 2.5: Two types of monomeric core complexes from the photosynthetic purple bacteria.
The LH1 complex from the species Rps. palustris (a,c; PDB file: 1PYH) is interrupted by
a protein called ‘W’, whereas the LH1 complex from T. tepidum (b,d; PDB file: 3WMM)
completely surrounds the RC. The following color scheme was used in all panels: α-apoproteins,
cyan; β-apoproteins, green; W protein, pink; RC proteins, gray; BChls and BPheos, red;
Mg2+-ions, blue dots; carotenoids, orange; haems, brown; quinones, light green; Ca2+-ions,
red spheres and Fe2+-ion, gray sphere. The top part of the figure (a,b) shows the complete
complexes, whereas in the lower part (c,d) the proteins have been removed to allow a closer
view on the pigment molecules. (a,b) For the RC-LH1 complex from T. tepidum the RC has
a permanent cytochrome subunit which extends into the periplasmic space. Rps. palustris
expresses Rb. sphaeroides-type RCs without this subunit. Another peculiarity of the RC-LH1
complex from T. tepidum are the Ca2+-ions bound to the αβ-apoproteins on the periplasmic
side. (c,d) In contrast to Rps. palustris, for T. tepidum both the positions of the carotenoids
and of the two quinones in the RC are included in the PDB file. The figure was created with
PyMOL; Schrodinger, 2010.
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2 Light-harvesting complexes

with respect to the RC, such that W is located opposite to the QB binding site
in the RC, with the hydrophobic tail of QB pointing towards the gap in the LH1
aggregate [24] (Figure 2.6). Another bacterial species for which a similar princi-
ple for the traffic of QB/QBH2 through the LH1 complex was proposed, is Rb.
sphaeroides. This species forms dimeric RC-LH1 complexes in which a S-shaped
LH1 complex surrounds two RCs and two proteins called ‘PufX’ take over the role
of the W protein [37].

Figure 2.6: Specific orientation of the LH1 complex from Rps. palustris with respect to the
binding site of the secondary electron acceptor, QB, in the RC. Color scheme: protein helices,
gray; W protein, red; pigment molecules, black; ubiquinones, red; Fe2+-ion, red sphere. Since
the ubiquinones are not included in the PDB file: 1PYH of the RC-LH1 complex from Rps.
palustris, a RC structure including these molecules had to be found. Thus, the RC structure
in this figure was taken from the PDB file: 1PCR [38] and overlaid over the initial RC of the
Rps. palustris RC-LH1 structure. It can be seen that the hydrophobic tail of the secondary
ubiquinone, QB, points towards the W protein which might form a gate, allowing the reduced
ubiquinone, QBH2, to escape into the membrane lipid phase. The figure was created with
PyMOL; Schrodinger, 2010.

In the crystal structure of the RC-LH1 complex from T. tepidum channels have
been revealed in the LH1 complex that may facilitate the shuttling of QB/QBH2

through the closed LH1 aggregate [9]. These channels are located on the interface
between each pair of adjacent αβ-heterodimers and have an average size approx-
imately equal to the size of the benzoquinone head of an ubiquinone. Based on
molecular-dynamics simulations, a similar pathway for QB/QBH2 was already pro-
posed earlier for Rsp. rubrum, another purple bacterial species with a ‘closed’ LH1
complex around the RC [22].
The diffusion of QB/QBH2 through the LH1 complex, might also be the explana-
tion for the increased structural flexibility of LH1 complexes as compared to LH2,
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2.5 Amphiphiles

e.g. observed in AFM studies [20, 39]. While authors in [39] could observe individ-
ual LH1 complexes changing their shape from elliptical to circular upon removal
of the RC from the RC-LH1 complex, in [20], a large diversity of LH1 structures
was found, ranging from circular to elliptical complexes, or even just arcs or open
rings. In contrast, equally treated LH2 complexes in [20] displayed homogeneous,
circular structures of equal diameter. This was attributed to a differing H-bonding
pattern in the two types of light-harvesting complexes: For nonameric LH2 com-
plexes (e.g. those from Rps. acidophila) it was claimed that H-bonds between the
αβ-apoproteins and B850 BChls are not only internal to an α1β1BChl2 subunit,
but also directed towards the neighboring subunit, thus stabilizing the overall LH2
complex. In contrast, for LH1 complexes it was suggested that all possible H-
bonds are internal to an α1β1BChl2 subunit, resulting in LH1 aggregates composed
of stable α1β1BChl2 units, with a certain degree of autonomy within the overall
LH1 complex. This notion is corroborated by the fact that LH1 complexes can be
readily dissembled into individual α1β1BChl2 units, often termed B820 [40, 41], or
fractionated into a series of LH1 oligomers varying in size from (αβ)2−3 to (αβ)10−11
[42, 43], but no such subdivision has been reported so far for nonameric LH2 com-
plexes [20]. The differing H-bonding pattern may then also explain the decreased
stability of RC-LH1 complexes, as opposed to the LH2 complexes, when they have
been detergent-solubilized from their native membrane [2]. This is even more true
in the absence of the RC which can otherwise serve as barrier to potential changes
of the LH1 shape [20, 44].
The structural information available so far on the RC-LH1 complex from Rps. aci-
dophila, which is investigated in this work, is very limited. It is only known that
the core complexes from this bacterial species are in all likelihood monomeric (see
section 4.1.1). Thus, it will be interesting to find out if Rps. acidophila rather forms
palustris-type or tepidum-type RC-LH1 complexes.

2.5 Amphiphiles

Amphiphilic molecules contain both a hydrophilic (polar) and a hydrophobic (non-
polar) moiety. Two types of amphiphilic species play a crucial role for the pho-
tosynthetic apparatus of purple bacteria: On the one hand, the photosynthetic
membrane is composed of phospholipids which are then responsible for the proper
organization and stabilization of the different constituents of the photosynthetic
apparatus, whereas detergents play a decisive role in photosynthetic research for
the isolation of these constituents from their native membrane and for their pu-
rification. In the following the detergent and lipid molecules important for this
thesis will be presented and a brief overview of the cooperative structures these
amphiphilic species form in water is given.
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2 Light-harvesting complexes

2.5.1 Detergents

Detergents represent an important class of amphiphilic molecules, consisting of a
hydrophilic headgroup and a long, hydrophobic hydrocarbon chain (tail). To a
certain extent detergent molecules are soluble in water as monomers, loosely inte-
grated into the water structure and lowering the surface tension. Above a critical
concentration, the detergent molecules aggregate to form spherical, micellar struc-
tures, where the hydrocarbon chains aggregate on the inside of the micelle and
are largely protected from interactions with water by the hydrophilic headgroups
which are pointing outwards, towards the water (Figure 2.7d). This concentration
is known as the so called critical micelle concentration (CMC). The aggregation of
the detergent molecules is an entropy driven process, generally referred to as the
hydrophobic effect [45, 46]. It can be explained in the following way: If a nonpolar
molecule is added to water, a solvate (clathrate)-cage forms around it, forcing the
water molecules forming the cage to arrange in an orderly manner. This results in a
thermodynamically unfavorable decrease in entropy. To compensate for this loss of
entropy, the water molecules induce a clustering of the hydrophobic molecules, with
this cluster then having a minimum surface area exposed to water. In this way, the
number of water molecules involved in the solvate-cage is minimized as compared
to the situation where every hydrophobic molecule is solvated individually, thus
adding degrees of freedom to (increasing the entropy of) the entire system.
The CMC varies largely for different types of detergents, depending on the size and
nature of the headgroup and the length of the hydrophobic tail. Additionally, envi-
ronmental conditions such as temperature or the ionic strength of the solution in-
fluence the CMC. Figure 2.7a,b shows the chemical structures of the two detergents
which are important for this thesis. Dodecyl-β-D-maltoside (DDM) belongs to the
nonionic detergents with a CMC of about 0.15 mM at (20− 25) ◦C [47]. Nonionic
detergents are generally considered to be mild and relatively non-denaturating, as
they break lipid-lipid interactions and lipid-protein interactions rather than protein-
protein interactions [49]. Lauryldimethylamine N-oxide (LDAO) belongs to the
zwitterionic detergents, displaying a nonionic character if the pH is above 7 and
a cationic character if the pH is below 3 [50]. In general zwitterionic detergents
are considered to be more deactivating than nonionic detergents [49]. The CMC of
LDAO is approximately 1 mM [47].
The aggregation number (number of molecules in a detergent micelle) is about 100
for both types of detergents, DDM and LDAO, respectively [51, 52]. By molecular-
dynamics simulations it was demonstrated that both detergents form ellipsoidal
shaped micelles with a radius of gyration of about 25 Å for DDM and 19 Å for
LDAO [51, 52]. However, the simulations also showed that, due to the larger head-
group of DDM as compared to LDAO, the hydrophobic core in micelles composed
of the former detergent is much better protected against contact with water: While
for DDM micelles the hydrocarbon surface amounts to only about 10% of the total
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Figure 2.7: Detergents. (a,b) Chemical structures of dodecyl-β-D-maltoside (DDM) and
lauryldimethylamine N-oxide (LDAO) [47]. (c,d) Sketch of a detergent molecule and a thin
section of a detergent micelle (redrawn from [48]).

micelle surface, for LDAO about 50% of the micelle surface consists of hydrocarbon
chains. Possible effects of the deviating properties of these two detergents on the
stabilization of RC-LH1 complexes from Rps. acidophila are discussed in section
4.1 of this thesis.

2.5.2 Lipids

Lipid molecules are the basic constituents of biological membranes. There are three
major kinds of membrane lipids, phospholipids, glycolipids and cholesterol, where
phospholipids are most abundant in nature [53]. The phospholipid used in this
work is 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Figure 2.8a). It consists
of two unsaturated fatty acid chains and a headgroup composed of glycerol and
phosphoryl choline.
When exposed to water lipid molecules spontaneously form a bimolecular sheet,
the so called lipid bilayer [53] (Figure 2.8c). As for the detergents, the driving force
for this process are hydrophobic interactions. However, due to the bulkiness of the
two fatty acid chains, phospholipids form lipid bilayers rather than micelles. In the
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Figure 2.8: Lipids. (a) Chemical structure of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) [54]. (b) Sketch of a lipid molecule, (c) a lipid bilayer and (d) a section of a lipid
vesicle (redrawn from [48]).

formation of the lipid bilayer, water molecules are released from the hydrocarbon
tails of the membrane lipids and these tails become sequestered in the nonpolar
interior of the bilayer. Van der Waals attractive forces acting between the hydro-
carbon chains, and electrostatic and hydrogen-bonding interactions between the
polar headgroups and to the surrounding water molecules, stabilize the structure
of the lipid bilayer.
Lipid vesicles (also known as liposomes) are spherical structures, where a lipid
bilayer encloses an aqueous compartment (Figure 2.8d). For their formation a suit-
able lipid is suspended in water and this solution is then further treated, e.g. by
sonication or extrusion (see section 3.2). In an ideal case this procedure yields
unilamellar vesicles with a homogeneous size distribution.
Schematically, lipid bilayers can be described as two-dimensional solutions of ori-
ented lipids, with a fast lateral diffusion of the lipid molecules in the plane of the
membrane [53]. Thereby, the melting temperature, TC , is a characteristic value for
the lipid bilayer, describing the phase transition from the ordered gel phase be-
low TC , to the disordered fluid phase above TC . In the gel phase the hydrocarbon
chains are fully extended (all trans configuration) and densely packed, whereas in
the fluid phase some of the hydrocarbon chains are in gauche configuration, thus
preventing a tight packing. There are a number of parameters influencing the phase
transition temperature of a certain lipid, such as the hydrocarbon chain length, the
number of unsaturated C double bonds and the type of headgroup. With increasing
hydrocarbon chain length, van der Waals interactions between the chains become
stronger, requiring more energy to disrupt the ordered packing. Accordingly, TC
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would increase for such a lipid. Contrary, the introduction of a cis double bond
produces a bend in the hydrocarbon chains. This interferes with a highly ordered
packing of the chains, and thus TC is lowered. For DOPC, due to the one-time
unsaturated fatty acid chains, the phase transition temperature is relatively low,
TC = −17 ◦C [54].

2.6 Spectral properties of chromophores

Figure 2.9: Jablonski diagram of an organic molecule (e.g. BChl a). S0, S1,2 (Qy,x) and T1
denote the electronic ground state, the two lowest singlet excited states and the lowest triplet
state, respectively. Vibrational levels that couple to the electronic transitions are denoted as ν(

′)
i

(i = 0, 1, 2), and phonon modes are indicated by the thin lines on top of the vibrational levels.
IC stands for internal conversion and ISC for intersystem crossing. The solid arrows indicate
transitions which involve the absorption or emission of a photon, whereas the dashed/wavy
arrows indicate non-radiative transitions.

Figure 2.9 shows the energy level scheme of a BChl a molecule in a so called Jablon-
ski diagram. Thereby, only the two lowest singlet excited states S1 (Qy) and S2
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(Qx), and the lowest triplet state T1 are depicted. S0 denotes the electronic ground
state which is as well a singlet state. Additionally, vibrational levels, labeled as ν(

′)
i

(i = 0, 1, 2), and phonon levels, that couple to the electronic states, are also shown
in Figure 2.9.
If the frequency of the excitation laser is in resonance with an optically allowed
transition, the molecule absorbs a photon and will be excited from the electronic
ground state S0 to an excited singlet state S1,(2). The probability for a chromophore
to absorb a photon, Pabs, is proportional to its absorption cross-section σ. In the
dipole approximation, where it is assumed that the wavelength of the excitation
laser is much larger than the dimensions of the absorbing chromophore, σ is pro-
portional to the square magnitude of the so called transition-dipole matrix element
for a certain electronic transition of the chromophore [55]:

Pabs ∝ σ ∝ |〈f |p̂|i〉|2 . (2.1)

In (2.1) |i〉 and |f〉 denote the initial and (excited) final state of the chromophore,
respectively, and p̂ is the dipole moment operator:

p̂ = e ·
∑
m

~rm , (2.2)

where e denotes the elementary unit of charge and the sum runs over the coor-
dinates ~rm of all electrons in the chromophore. Within the Born-Oppenheimer
(BO) approximation, where due to the mass difference between electrons and nu-
clei (me/mn ≈ 10−4), it is assumed that electronic dynamics is much faster than
nuclear dynamics, the total wavefunctions of the chromophore can be written as
direct products of the electronic and nuclear wavefunctions:∣∣∣i({~rm} ,{~Rn

})〉
=

∣∣∣ei ({~rm} ,{~Rn

})〉
·
∣∣∣µ({~Rn

})〉
and (2.3)∣∣∣f ({~rm} ,{~Rn

})〉
=

∣∣∣ef ({~rm} ,{~Rn

})〉
·
∣∣∣ν ({~Rn

})〉
, (2.4)

where {~rm} and
{
~Rn

}
denote the sets of electronic and nuclear coordinates, re-

spectively. Thus, the transition-dipole matrix element from equation (2.1) can be
written as:

M̂if = 〈f |p̂|i〉 = 〈ef |p̂|ei〉 · 〈ν|µ〉 , (2.5)

where for clarity electronic and nuclear coordinates have been omitted. The first
factor in the product on the rightmost side of equation (2.5) is known as the elec-
tronic transition-dipole moment. This integral includes the electronic wavefunctions
|ei〉 and |ef〉 of the electronic ground and excited state, respectively, which depend
only parametrically on the set of nuclear coordinates

{
~Rn

}
(vide infra). The elec-

tronic transition-dipole moment is a measure for the magnitude and the orientation
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of the charge displacement during an electronic transition. The square magnitude
of the second term in the product on the rightmost side of equation (2.5) is the so
called Franck-Condon factor:

Fµν = |〈ν|µ〉|2 . (2.6)

Both integrals in equation (2.5) are evaluated at the same values for the set of
nuclear coordinates

{
~Rn

}
, as within the BO approximation it is assumed that an

electronic transition takes place instantaneously, without a change of the nuclear
positions. Then, the Franck-Condon factor describes the direct overlap of the nu-
clear wavefunctions in the initial and final electronic state, and thus determines
the probability for a transition from a vibrational level |µ〉 of the electronic ground
state to a vibrational level |ν〉 of the excited electronic state.
For molecules with a spatially fixed transition-dipole moment (e.g. chromophores
embedded in a matrix), the following dependency can be found for the transition
probability, Pabs, on the mutual angle α between the linear polarization of the in-
cident electric field ~E and the orientation of the transition-dipole matrix element
M̂if :

Pabs ∝
∣∣∣ ~E · M̂if

∣∣∣2 = E2M2
if · cos2 (α) . (2.7)

Thus, by rotating the polarization of the incident radiation, the absorption signal
will display a cos2-type modulation, thereby enabling one to determine the orien-
tation of the transition-dipole moment of the respective transition, or at least its
projection on the plane perpendicular to the optical axis of the incident light.
As already mentioned earlier, the transition energy of the Qx transition amounts to
about 17, 000 cm−1 and that of the Qy transition to about 13, 000 cm−1 [2]. Typi-
cally the energy of vibrational modes lies in the range between 400−4000 cm−1. For
BChl a a characteristic vibrational sideband of the Qy transition can be discerned
at about 700 nm, which corresponds to a vibrational energy of about 1300 cm−1

[28]. Additionally, the electronic and vibronic levels couple to low-energy vibrations
(10− 100 cm−1) of the surrounding host matrix, the so called phonon modes.
After the chromophore has been excited into a vibrational/phonon level of one of
the electronically excited singlet states by absorption of a photon, fast radiation-
less relaxation into the vibrational ground state of S1 occurs within about 100 fs.
If initially a higher lying singlet level Sn (n ≥ 2) is excited, ultra-fast internal
conversion (IC) to the lowest excited singlet state S1, with subsequent vibrational
relaxation into the vibrational ground level of S1 takes place. IC denotes a non-
radiative transition between electronic states with the same spin multiplicity. This
phenomenon, i.e. that emission only takes place from the lowest excited singlet
level S1, independent of the initially excited singlet state, is called Kasha’s rule. It
only applies to chromophores in a condensed phase, where the energetically higher-
lying electronic/vibronic quanta can be transformed into energetically lower-lying
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electronic/vibronic quanta, by giving off the excess energy to the local surrounding.
Apart from the singlet excited states, BChl a also has a triplet system in which the
lowest state T1 lies well below the Qy (S1) state. As the transition-dipole moment
operator (2.5) conserves the total spin, an electronic transition is only allowed if the
total spin quantum number does not change, and therefore singlet - triplet transi-
tions are forbidden. However, the excited Qy state in BChl a can convert with a
low probability into the T1 state via intersystem crossing (ISC) due to spin-orbit
coupling. From the T1 state, the ground state S0 is reached either via radiationless
ISC, or by emission of a photon (phosphorescence). As a result of the weakly al-
lowed transition, the triplet lifetime is in the order of microseconds up to minutes,
during which the chromophore cannot absorb another photon. Thus the triplet
state may act as a bottleneck in the excitation-relaxation cycle. For BChl a in
LH-complexes however, rapid energy transfer with close to 100% efficiency occurs
from the excited triplet state of BChl a to the carotenoid molecules which reduces
the lifetime of the BChl a triplet by two orders of magnitude [33].
Fluorescence is the radiative transition between electronic levels with the same spin
multiplicity. Here the same transition-dipole matrix element (2.5) applies as for the
excitation process, which then also defines the polarization of the emitted photon.
As emission occurs from the lowest vibronic state of the lowest excited singlet state
S1 (vide supra), and transitions into higher vibronic states of the electronic ground
state, S0, are also possible (determined by the Franck-Condon integral (2.6)), the
emitted photon usually has a lower energy, than the photon of the excitation pro-
cess. The resulting shift to lower energies of the fluorescence with respect to the
absorption spectrum of a chromophore, is known as Stokes-shift.
Since in this thesis the fluorescence emission of LH complexes is used for their
detection and for spectroscopic purposes, the fluorescence quantum yield, Φf , of
the investigated complex is a decisive parameter. It is defined as the ratio of the
number of photons emitted to the number of absorbed photons:

Φf =
Nem

Nabs

. (2.8)

With a fluorescence quantum yield of about 10% LH1 complexes can still be con-
sidered as quite fluorescent and therefore, well suited for fluorescence-excitation
spectroscopy [56].

2.6.1 Homogeneous linewidth, zero-phonon line and phonon
side-band

The line shape of a purely electronic transition (e.g. S1 ↔ S0), both for the emis-
sion and the absorption process, is Lorentzian, and its width (full width at half
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maximum, fwhm) is given by [57]:

Γhom(T ) =
1

2πτ1
+

1

πτ ∗2 (T )
=

1

πτ2(T )
. (2.9)

Γhom(T ) is then referred to as the homogeneous linewidth of the transition. τ1
is the excited state lifetime, τ ∗2 (T ) denotes the temperature dependent pure de-
phasing time and τ2(T ) stands for the total or effective dephasing time. The pure
dephasing processes are caused by interactions with the environment (e.g. scat-
tering with phonons), leading to a fluctuation of the energy levels. τ ∗2 (T ) then
represents the time interval in which the coherence of the electronic transition is
lost due to the fluctuating energy gap. As a result, a temperature dependent ho-
mogeneous broadening of the absorption and emission lines can be observed. At
very low temperatures (T < 2 K), τ ∗2 (T ) becomes very long as host phonons and
local modes are frozen out, and thus the linewidth of the optical transition will be
determined solely by the finite lifetime τ1 of the electronically excited state. In this
limit Γhom(T ) represents the lifetime-limited, natural linewidth of the transition.
Such an absorption or emission line is also referred to as zero-phonon line (ZPL),
since during such a purely electronic transition no creation or destruction of low-
energy vibrations in the chromophore or in its local surrounding takes place.

Figure 2.10: Schematic illustration of the absorption spectrum of a single chromophore em-
bedded in a solid state matrix at low temperatures (thick solid line): The homogeneously
broadened (Γhom) zero-phonon line (ZPL, dashed line) is accompanied by a broad phonon
side-band (PSB, dotted line) in its high-energy wing. ωm denotes the mean phonon frequency.

For linear electron-phonon coupling, in combination with the purely electronic tran-
sition, a low-energy vibration in the surrounding matrix of the chromophore is si-
multaneously excited. Therefore, in an absorption spectrum at low temperatures
the ZPL is accompanied by a so called phonon side-band (PSB), which is typically
shifted to higher energies (smaller wavelengths) by several 10 cm−1 with respect
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to the maximum of the ZPL (Figure 2.10) [57]. The mean phonon energy ωm is
defined as the energy difference between the peak positions of the ZPL and the
PSB. Thereby, ωm is characteristic for the energy of the phonon mode coupled to
the electronic state. The Debye-Waller factor CDW (T ) provides a measure for the
linear electron-phonon coupling strength [58]:

CDW (T ) =
IZPL

IZPL + IPSB
= exp(−S(T )) , (2.10)

where IZPL (IPSB) denotes the integrated intensity of the ZPL (PSB). S(T ) is the
temperature dependent Huang-Rhys parameter, and the second equal sign in (2.10)
applies for the low-temperature limit (T ≈ 0 K).

2.7 Frenkel-excitons

The quantum mechanical description of excitons in organic crystals and dye aggre-
gates is well established [14, 59–61]. The theory of the so called Frenkel-excitons
applies to molecular aggregates in which the electronic wavefunctions of neighbor-
ing molecules have no substantial overlap [59]. Here, it should be noted that in
general this is only true for the lowest molecular excited singlet state, as higher
excited states are expected to have sufficient charge overlap. Upon resonant in-
teraction of the excited states from individual pigments in a molecular aggregate
(where generally the strongest contribution to these interactions derives from elec-
trostatic interactions between the transition-dipoles of the individual pigments)
excited states are formed that are delocalized over the pigments in the aggregate
[48, 59]. These collective excitations are called Frenkel-excitons, where a further
prerequisite for the formation of these states is, that the variation of the transi-
tion energies of the pigments in the aggregate is much smaller than the interaction
strength between adjacent pigments [2]. In such a case, the molecular aggregate
can be treated as a single supermolecule of coherently interacting molecules and
the excited states of the supermolecule are the exciton states [61]. The optical
properties of such strongly coupled molecular aggregates, in particular their ab-
sorption spectra, depend crucially on the geometric arrangement of the pigments
in the respective aggregates [12, 14].

2.7.1 Pigment-pigment interaction

Bacteriochlorophylls in LH complexes do not only interact with their surrounding
protein matrix, but also with each other. Actually, Frenkel-excitons develop by
virtue of intermolecular interactions, where electrostatic (Coulomb) interactions
are by far the dominant ones [61]. The Coulomb interaction Vnm between two
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2.7 Frenkel-excitons

chromophores n and m can be written as:

Vnm =
1

4πεε0

∑ qnqm
rnm

, (2.11)

where ε is the dielectric constant of the medium, ε0 the electric permittivity of free
space and rnm the relative distance between the electronic or nuclear charges qn
and qm of the chromophores. If the pigments are not permanently charged and
their mutual distance is large compared to their size, the interaction energy, Vnm,
between them, can be approximated by the dipole-dipole term in the multipole
expansion of the Coulomb interaction (higher order terms fall off more rapidly with
the mutual distance rnm between the chromophores) [14, 59, 61]:

Vnm =
µ2

4πεε0︸ ︷︷ ︸
V0

· 1

r3nm
· 1

µ2

[
~µn · ~µm − 3

(~µn · ~rnm) (~µm · ~rnm)

r2nm

]
︸ ︷︷ ︸

κnm

. (2.12)

Here, ~µn and ~µm represent the strength and the orientation of the transition-dipole
moments of the molecules n and m, respectively. V0 defines the coupling strength
and, assuming that the interacting chromophores are identical (|~µn| = |~µm| = µ), it
is, |~µn| · |~µm| = µn ·µm = µ2. κnm is an orientational factor which covers the mutual
orientation of the transition-dipole moments by means of normalized vectors. Thus,
the dipole-dipole interaction can be divided into a distance dependent part, 1/r3nm,
and an orientational part, described by κnm.

Figure 2.11: Schematic illustrations of the dipole-dipole interaction. (a) Two dipoles ~µn
and ~µm and their connecting vector ~rnm drawn in-plane. α, β and γ indicate the mutual
angles between the transition-dipoles and their connecting vector and between each other.
(b) Characteristic mutual orientations of the transition-dipole moments and the corresponding
values for the orientational parameter κnm (see text).

With the angles α, β and γ, defined in Figure 2.11a, it is possible to write down
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κnm in the following way:

κnm =
1

µ2

[
µnµm · cos(γ)− 3

(µnrnm · cos(α)) (µmrnm · cos(β))

r2nm

]
=

= cos(γ)− 3 cos(α) cos(β) . (2.13)

With this, it is easy to understand that κnm can adopt the following characteristic
values: κnm = −2 (2) for a collinear head-to-tail (head-to-head) arrangement of
the transition-dipoles, and κnm = 0 for mutually perpendicular transition-dipoles
(Figure 2.11b).
For the B850 aggregate in LH2 complexes and the B880 assembly in LH1 com-
plexes, the dipole-dipole approximation might be questioned, as the distance be-
tween neighboring pigments is comparable to their dimensions. Therefore, other
approaches to calculate the spectral properties of these pigment assemblies were
chosen as well, taking the spatial distribution of the transition-dipole moments
[62, 63] or the exchange interaction [64, 65] into account. However, in [64] and [65]
it was also shown that the Coulomb coupling between the pigments still dominates
over the exchange coupling. Furthermore, it is noteworthy that the dipole-dipole
approximation is not only reasonable if the intermolecular distance rnm is larger
than the size of the chromophore, but even when rnm is larger than the dipole ra-
dius, defined as, a = µi/e , where µi denotes the magnitude of the transition-dipole
moment of the chromophore and e is the elementary unit of charge [61]. For the
numerical simulations performed in this work (see chapter 5), a dipole strength
of µi = 8.8 D was assumed for the Qy transition-dipole moment of the BChl a
molecules, corresponding to a dipole radius a ≈ 2Å. Comparing this value to the
mutual separation between neighboring BChl a molecules in a LH1 pigment ag-
gregate [9], rnm ≈ 10Å, it can be seen that the prerequisite for the dipole-dipole
approximation, rnm � a, is not perfectly fulfilled in this case. Nevertheless, it can
be expected that the dipole-dipole interaction approach provides at least a qual-
itative description of the processes inside a LH1 complex. Further, to avoid this
inaccuracy as much as possible, for the numerical simulations of chapter 5, the
effective Hamiltonian approach [66] was adopted in part. In this approach fixed
values are assumed for the interaction between neighboring pigments (based on a
fit of the resulting exciton spectrum to extensive quantum chemistry calculations)
and the dipole-dipole interaction is only applied for pigments which are further
apart (second, third, ... neighbors). In [66] it was shown that by means of the
effective Hamiltonian the results of extensive quantum chemistry calculations on
the B850 aggregate of LH2 complexes, can be reasonably approximated. In chap-
ter 5, due to the fixed positions of the pigments inside a dimer unit, the value
of the intradimer interaction is fixed, whereas the interdimer interaction (between
neighboring pigments of adjacent dimer units) and the second-neighbor interaction
are calculated with the help of the dipole-dipole formula (2.12). Thus, the afore-
mentioned inaccuracy is not completely eliminated for the numerical simulations
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in chapter 5, but is still present for the interdimer interaction. Here, a compromise
had to be made, since on the one hand, due to the basic construction principle of
LH1 complexes, where it is assumed that the dimer units inside the LH1 complex
experience a certain degree of conformational freedom with respect to the overall
aggregate [20], it is not reasonable to assume a fixed value for the interdimer in-
teraction. On the other hand, the dipole-dipole approach may not be the most
accurate way to calculate the varying values for the interdimer interaction around
the aggregate. However, for the rather simple numerical simulations of chapter 5,
where other approximations are also made (e.g. not taking the coupling to phonon
modes into account), it is an appropriate solution to use the dipole-dipole formula
(2.12) for the calculation of the interdimer interaction, at least to gain a general
idea of the excited state properties in LH1 complexes, depending on the mutual
arrangement of the dimer units.

2.7.2 Linear aggregate

Figure 2.12: (a) Linear chain of N equidistant two-level pigments with transition-dipoles
oriented parallel with respect to each other. V indicates the interaction between nearest-
neighbors. (b) Energy level diagram for the case of non-interacting pigments (V = 0): The
pigments have equal site energy, E0, and excitations are localized on individual pigments. (c)
Energy level diagram for the case of interacting pigments (V 6= 0): Formation of exciton states
|k〉 that are delocalized over the pigments in the linear chain. If only nearest-neighbor interac-
tions, V , are taken into account and N � 1, the width of the exciton band is approximately
4|V |.

A linear chain of N identical two-level molecules with their transition-dipole mo-
ments oriented parallel with respect to each other is considered (Figure 2.12a,b).
Neglecting the influence of phonons and restricting to at most one excitation per
chain, the system can be described by the following model Hamiltonian in Heitler-
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London approximation:

H =
N∑
n=1

E0 |n〉 〈n|︸ ︷︷ ︸
diagonal elements

+
1

2

N∑
n=1

∑
n6=m

Vnm |n〉 〈m|︸ ︷︷ ︸
off−diagonal elements

, (2.14)

where |n〉 and 〈m| indicate excitations localized on the pigments n and m, respec-
tively, E0 denotes the site-energy of pigment n and Vnm denotes the interaction
between the pigments n and m. If the Hamiltonian is written in matrix represen-
tation, the first term corresponds to the diagonal elements of the matrix and the
second term to the off-diagonal elements.
For non-interacting pigments (V = 0) the excited states (|1〉 , . . . , |N〉) of the pig-
ments are also the eigenstates of the system and excitations are localized on the
individual pigments (Figure 2.12b). This is no longer the case if an interaction V
is turned on. Diagonalization of the above Hamiltonian (2.14) leads to the eigen-
states of the coupled system, the Frenkel-excitons, which can be written as linear
combination of the localized eigenstates. If only nearest-neighbor interaction, V ,
is taken into account and translation symmetry is retained, (2.14) can be solved
analytically, leading to the eigenfunctions [59, 67, 68]:

|k〉 =
N∑
n=1

akn |n〉 =

√
2

N + 1

N∑
n=1

sin

(
πkn

N + 1

)
|n〉 , (2.15)

where k = 1, . . . , N is the quantum number of the exciton states. It can be seen
that the exciton states, |k〉, correspond to standing waves of excitation that are
delocalized over the complete linear chain, with the kth state having k − 1 nodes
along the chain. An analogy to the description of the exciton states, |k〉, can
be found in the description of the normal modes of a linear chain consisting of
N particles [69]. The corresponding energy eigenvalues of the analytically solved
Hamiltonian (2.14) are [59]:

Ek = E0 + 2V cos

(
πk

N + 1

)
, (2.16)

see Figure 2.12c. Thereby, it has to be noted that for a mutual arrangement of
transition-dipoles in the linear chain as shown in Figure 2.12a, with α < 54.7◦,
V < 0 (determined by the orientation factor, κnm, in the dipole-dipole formula, cf.
(2.13)), such that the k = 1 exciton state has the lowest eigenenergy. The exciton
band described by equation (2.16) extends from E = E0 − 2|V | to E = E0 + 2|V |
and is symmetric around E0 (Figure 2.12c).
In the dipole approximation, assuming that the size of the linear aggregate is much
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smaller than the excitation wavelength, the coupling of the radiation field to the
exciton states |k〉 leads to the following exciton transition-dipole moments:

~µk =
N∑
n=1

akn · ~µn =

√
2

N + 1

N∑
n=1

sin

(
πkn

N + 1

)
· ~µn , (2.17)

with ~µn denoting the transition-dipole moment of the nth pigment in the aggre-
gate. Thus, in the dipole approximation, the linear chain can be considered as one
giant multilevel molecule. From the exciton transition-dipole moments (2.17) the
oscillator strength can be calculated as [59, 68]:

|~µk|2 =

(
2µ2

mon

N + 1

)
cot2

(
πk

2(N + 1)

)
, for k odd, (2.18)

|~µk|2 = 0 , for k even, (2.19)

where µmon = |~µn|. The latter identity (2.19) can be easily understood from (2.15),
as the wavefunctions with an even quantum number k possess point symmetry with
respect to the chain center and therefore, the vector summation in (2.17) results in
a zero net transition-dipole moment. From (2.18) it can be seen that for a linear
aggregate the k = 1 state contains the overwhelming part of the total oscillator
strength, Nµ2

mon, (up to 81% for N � 1), leading to superradiant emission and
domination of the absorption spectrum by this state. The oscillator strengths of
higher exciton states drop of as 1/k2 for k � N .
Analytical diagonalization of the linear chain problem with dipolar interactions
between all pigments in the aggregate taken into account, instead of only nearest-
neighbor couplings, presents a difficult problem [68]. However, straightforward
numerical diagonalization of the Hamiltonian (2.14), with all dipolar interactions
taken into account, reveals that the resulting wavefunctions are very similar to the
|k〉 states calculated in (2.15). Furthermore, it turns out that the oscillator strength
of the lowest band state increases to about 83% of the total (for N = 250). And
finally, the exciton band now shows a marked asymmetry around E0, with the
lower band-edge to be found at E = E0 − 2.403|V | and the upper band-edge at
E = E0 + 1.803|V |, which also means an increase of the total bandwidth from 4|V |
to 4.206|V |.

2.7.3 Circular aggregate

For a ring of N equivalent sites with N -fold symmetry, the Hamiltonian (2.14) has
periodic boundary conditions. In this case, the excitonic eigenfunctions |k〉 are
obtained by the Fourier transform of the localized excited states basis as [70]:

|k〉 =
1√
N

N∑
n=1

ei2πk
n
N |n〉 , (2.20)
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with the eigenenergies

Ek = E0 +
N∑
n=2

ei2πk
n−1
N V1,n . (2.21)

Thereby, it has to be noted that for aggregates with periodic boundary conditions,
an analytical diagonalization of the Hamiltonian is possible even if interactions be-
tween all pigments are taken into account. For N odd, the circular symmetry of
the Hamiltonian results in a single lowest energy eigenstate with k = 0 and pairs
of degenerate eigenstates labeled as k = ±1, . . . ,±(N − 1)/2. For N even, there is
a lowest energy eigenstate with k = 0, an uppermost state with k = N/2, and, in
between, pairs of degenerate eigenstates labeled as k = ±1, . . . ,±(N/2− 1). Again
an analogy to the description of the exciton states in (2.20), can be found in the
description of the normal modes of N particles positioned on a circle with N -fold
symmetry [69].
For a better understanding of the numerical simulations in this work (see chapter
5), some of the peculiarities of a circular aggregate build up from dimeric subunits
will be pointed out, where additionally interactions are restricted to nearest- and
second-neighbors. In chapter 5 the geometric arrangement of the pigments inside
a dimer unit is adopted from the mutual orientation of the pigments in the dimer
units of the B850 ring in LH2 complexes from Rps. acidophila [35], since, until
recently, no high-resolution crystal structure of a RC-LH1 complex was available.
(In this regard, it was shown in the recently discovered high-resolution structure
of the RC-LH1 complex from T. tepidum, that the arrangement of the pigments in
the dimer units of the LH1 aggregate, is very similar to the pigment arrangement
in the B850 dimer units of LH2 complexes [9].)

Figure 2.13: Schematic representation of two adjacent dimer units (n and n+ 1), where the
relevant interactions between the pigments are indicated. Vi indicates the nearest-neighbor
intradimer interaction, Ve the nearest-neighbor interdimer interaction,Wα the second-neighbor
interaction between α-pigments andWβ the second-neighbor interaction between β-pigments.
The mutual orientation of the Qy transition-dipole moments inside the dimer units is adopted
from the B850 dimer unit of the LH2 complex from Rps. acidophila.

Figure 2.13 shows a schematic representation of two adjacent dimer units, n and
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n+ 1 (note that from now on the index n applies to a complete dimer unit), where
the relevant interactions between the pigments are indicated up to second neigh-
bors. The various interactions are: The nearest-neighbor intradimer interaction
Vi = 〈nα|V |nβ〉, between pigments of the same dimer unit, the nearest-neighbor
interdimer interaction Ve = 〈nβ|V |(n+ 1)α〉, between neighboring pigments of ad-
jacent dimer units, the second-neighbor interaction Wα = 〈nα|W |(n+ 1)α〉, be-
tween α-pigments of adjacent dimer units and the second-neighbor interaction
Wβ = 〈nβ|W |(n+ 1)β〉, between β-pigments of adjacent dimer units. It is com-
mon practice to define the direction of the Qy transition-dipole moment as the
direction pointing from the NIII to the NI (or from the NI to the NIII) nitrogen
atoms in the BChl a molecule (Figure 2.3a). Based on this definition and taking
the arrangement of the pigments in the LH2 B850 dimer unit into account, ad-
jacent transition-dipoles reside in a head-to-head (tail-to-tail) configuration, while
second-neighbor transition-dipoles are in a head-to-tail (tail-to-head) configuration
(Figure 2.13). Consequently, the nearest-neighbor interactions have positive values,
while the second-neighbor interactions are negative, i.e. Vi, Ve > 0 andWα,Wβ < 0.
If interactions are considered up to second neighbors, the Hamiltonian for a system
of Nd dimers reads as [2]:

H =

Nd∑
n=1

(Eα |nα〉 〈nα|+ Eβ |nβ〉 〈nβ|) +

+

Nd∑
n=1

(Vi (|nα〉 〈nβ|+H.c.) + Ve (|nβ〉 〈(n+ 1)α|+H.c.)) +

+

Nd∑
n=1

(Wα (|nα〉 〈(n+ 1)α|+H.c.) +Wβ(|nβ〉 〈(n+ 1)β |+H.c.)). (2.22)

With the assumption that Eα = Eβ = E0 the eigenvalues of the Hamiltonian (2.22)
are given by [14]:

Ej
k = E0 + (Wα +Wβ) cos

(
k

2π

Nd

)
±

±

√
(Wα −Wβ)2 cos2

(
k

2π

Nd

)
+ V 2

i + V 2
e + 2ViVe cos

(
k

2π

Nd

)
, (2.23)

with the eigenfunctions:∣∣kj〉 =
1√
Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

) ∣∣njαβ(k)
〉
. (2.24)

∣∣njαβ(k)
〉
are the symmetric (j = s) and antisymmetric (j = as) eigenfunctions

of the dimer, which contain an additional phase factor that depends on the exci-
ton state quantum number k (vide infra). The analytical expression for

∣∣njαβ(k)
〉
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is rather longish and not very beneficial for the understanding of this work, the
interested reader is therefore referred to the literature [14]. For the eigenener-
gies of the exciton states (2.23) the ‘−’ sign applies to the antisymmetric dimer
functions, j = as, and the ‘+’ sign to the symmetric ones, j = s. This connec-
tion will also become clear below. As in the above case of the circular aggregate
with N -fold symmetry, the quantum number kj of the exciton states extends from
kj = 0,±1, . . . ,±(Nd − 1)/2 if Nd is odd and from kj = 0,±1, . . . , Nd/2 if Nd is
even. Thus, due to the dimerization, the exciton band is split in two branches
with equal number of exciton states. This phenomenon is commonly referred to as
Davydov splitting. Note that for the upper branch the ks = 0 state corresponds to
the exciton state with the highest energy, with decreasing energy values for the con-
secutive states ks = ±1,±2, ..., in contrast to the lower branch, where the kas = 0
state corresponds to the lowest-energy state, with increasing energy values for the
states kas = ±1,±2, .... For the construction of a LH1 model aggregate one would
chose Nd = 16 [9, 71], but naturally the statements made here apply to any circular
structure with CNd-symmetry.
To further simplify the expressions for the eigenvalues and eigenfunctions of the
Hamiltonian (2.22), the following settings will be applied: Eα = Eβ = E0, Vi =
Ve = V0 andWα = Wβ = W0. Note that this will virtually end the dimerization and
correspond to a circular aggregate with CN -symmetry again, except for the anti-
parallel arrangement of neighboring pigments. However, if still treated as dimeric
aggregate, some important insights into the excitonic properties of such systems
are revealed. With the above settings the eigenvalues and eigenfunctions of the
Hamiltonian (2.22) are given by [14]:

Ej
k = E0 + 2W0 cos

(
k

2π

Nd

)
± 2V0 cos

(
k
π

Nd

)
, (2.25)

and

|kas〉 =
1√
2Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

)(
− exp

(
−ik π

Nd

)
|nα〉+ |nβ〉

)
, (2.26)

|ks〉 =
1√
2Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

)(
|nα〉+ exp

(
ik

π

Nd

)
|nβ〉

)
. (2.27)

From the eigenfunctions (2.26) and (2.27) it is now easy to see that the antisym-
metric states, |kas〉, correspond to the low-energy branch of the exciton band (‘−’
sign in (2.25)) and the symmetric states, |ks〉, to the high-energy branch (‘+’ sign in
(2.25)): As the transition-dipoles in the dimer unit are defined to be anti-parallel,
the ‘−’ sign in front of the localized |nα〉 state in the antisymmetric dimer wavefunc-
tions in equation (2.26), inverts the phase of the nα transition-dipole moment, such
that for the antisymmetric exciton states, |kas〉, the dimer transition-dipoles have
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an energetically favorable head-to-tail configuration [2]. Contrarily, for the sym-
metric exciton states (2.27), the phase factor in the dimer wavefunctions entails
that the dimer transition-dipoles remain in their energetically unfavorable head-to-
head arrangement.
With the above assumptions of Eα = Eβ = E0, Vi = Ve = V0 and Wα = Wβ = W0,
the dimerization in the aggregate with CNd-symmetry is only based on the anti-
parallel arrangement of neighboring transition-dipoles, which again only comes from
the definition of the transition-dipole moment orientation in the B850 dimer unit
of LH2. Thus, ignoring this definition, the treatment of the pigment aggregate as
monomeric system with CN -symmetry, with N = 2Nd, yields equivalent results
for the eigenvalues and eigenfunctions of the system as those denoted above in
(2.25) – (2.27) [14]. In this regard, the phase factors, ± exp

(
±ik π

Nd

)
, in the dimer

wavefunctions of (2.26) and (2.27) implicate, that the above antisymmetric and
symmetric exciton wavefunctions (2.26) and (2.27), as solutions of the dimeric ag-
gregate with CNd-symmetry, are physically identical to the exciton wavefunctions
(2.20) of the monomeric aggregate with CN -symmetry.
The comparatively simple expression for the exciton energies (2.25) is quite instruc-
tive for the derivation of the general properties of the exciton band structure of a
circular aggregate. For example, the pairwise degeneracy of the ±k states can easily
be deduced from the axial symmetry of the cos-function in (2.25). Additionally, it
can be seen from (2.25) that, as long as interpigment interactions are restricted to
nearest neighbors (W0 = 0), the pattern of the exciton energies appears symmetric
with respect to the monomer transition energy E0, with a total width of the exciton
band of 4V0. This is identical to the previously discussed linear aggregate. Taking
second-neighbor interactions into account breaks the symmetry with respect to E0,
since, due to W0 < 0, both the exciton states at the upper and the lower band-
edge of the exciton band are shifted to lower energies. This is again similar to the
linear aggregate (see section 2.7.2). Generally, it should be noted that due to the
1/r3-dependence of the dipole-dipole interaction and, assuming that the distance
between second-neighbor pigments is about twice the distance between nearest-
neighbors, the magnitude of the second-neighbor interaction is only about 1/8 of
the nearest-neighbor interaction. Accordingly, the influence of the second-neighbor
interaction on the exciton manifold is limited.
For an optical transition between the ground state and any given exciton state, the
exciton transition-dipole moment, ~µ (kj), can be calculated as follows [2]:

~µ
(
kj
)

= 〈g| p̂
∣∣kj〉 = 〈g| p̂ 1√

Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

) ∣∣njαβ(k)
〉

=
1√
Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

)
〈g| p̂

∣∣njαβ(k)
〉︸ ︷︷ ︸

~µ(njαβ(k))
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=
1√
Nd

Nd∑
n=1

exp

(
i2πk

n

Nd

)
· ~µ
(
njαβ(k)

)
, (2.28)

where p̂ is the transition-dipole moment operator and ~µ
(
njαβ(k)

)
are the dimer

transition-dipole moments corresponding to the dimer wavefunctions
∣∣njαβ(k)

〉
, re-

spectively. The oscillator strength of the kth exciton state can then be calculated
as: ∣∣~µ (kj)∣∣2 =

∣∣〈g| p̂ ∣∣kj〉∣∣2 . (2.29)

From (2.28) it can be seen that for a non-vanishing, resulting exciton transition-
dipole moment ~µ (kj), a constructive interference is needed in the sum of the indi-
vidual dimer transition-dipole moments ~µ

(
njαβ(k)

)
. Thus, both the phase factors,

which determine the participation of the individual pigments in an exciton state,
and the orientation of the pigments, play a decisive role for the resulting selection
rules of optical transitions in a circular aggregate.
Due to the circular arrangement of the pigments in the aggregate, only the exciton
states kj = 0,±1 have non-vanishing transition-dipole moments [2]. Thereby, the
kj = 0 transition-dipole moments are polarized parallel to the CNd-symmetry axis
of the ring, whereas the kj = ±1 transition-dipole moments lie within the plane of
the ring and have a mutually orthogonal polarization. Since the transition-dipole
moments of the individual pigments are oriented mainly parallel to the ring-plane
(LH2 B850 dimer unit taken as reference, vide supra), rather little of the total
oscillator strength is distributed to the kj = 0 states. Furthermore, due to the
head-to-tail arrangement of the transition-dipole moments in the dimer wavefunc-
tions of the antisymmetric exciton states (2.26), nearly the complete oscillator
strength of the system is concentrated in the states of the energetically lower ex-
citon branch, and more specifically in kas = ±1. For the symmetric states of the
upper exciton branch, the transition-dipole moments in the dimer wavefunctions
have a head-to-head arrangement (2.27), and, due to the almost parallel orientation
of the transition-dipoles inside the LH2 B850 dimer unit (Figure 2.13), they almost
cancel out each other. As a result, the symmetric dimer wavefunctions,

∣∣nsαβ(k)
〉
,

have vanishing transition-dipole moments, and accordingly the oscillator strength
of the upper exciton components ks = ±1 is almost non-existent in comparison to
the oscillator strength of the kas = ±1 states.
A C2-modulation of the interpigment interactions, possibly introduced by an ellip-
tic distortion of the pigment assembly, lifts the pairwise degeneracy of the exciton
states [12, 14]. Furthermore, as such type of perturbation connects exciton states
which differ in quantum number by 2, oscillator strength is transferred from the
optically allowed kas = ±1 states to the kas = ±3 states. The mutually orthogonal
polarization of the kas = ±1 states is not affected by the C2-perturbation. Finally,
it should be noted that a C2-type symmetry reduction alone does not give rise to
oscillator strength in the lowest exciton state kas = 0.
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Until now it was assumed that all the molecules in the aggregate have the same
transition energy E0. In the pigment-protein complexes however, stochastic vari-
ations of the protein environment lead to differences in the transition energies of
individual pigments. These variations of the pigment site energies can be approxi-
mated by dressing the mean transition energy, E0, of the pigments with a Gaussian
random distribution (with a width ∆E, fwhm), which then describes the proba-
bility for a pigment to have a certain transition energy. The Hamiltonian for such
a system can be written as:

H =
N∑
n=1

(E0 + ∆En) |n〉 〈n|+ 1

2

N∑
n=1

∑
n 6=m

Vnm |n〉 〈m| , (2.30)

where ∆En reflects the inhomogeneous offset energy of pigment n. Since this type
of disorder affects only the diagonal elements of the Hamiltonian it is commonly
referred to as diagonal disorder. The main effect of this random diagonal disor-
der on the exciton manifold is, a mixing of the exciton levels, thereby lifting the
pairwise degeneracy of the states and redistributing oscillator strength to nearby
states, including the kas = 0 state [2, 10].
Depending on the relative magnitude of the mean value for the nearest-neighbor
interaction, V = Vi+Ve

2
, and the width of the Gaussian distribution, ∆E, describing

the amount of diagonal disorder in the system, either the site representation, |n〉,
or the exciton representation, |k〉, is more appropriate for the description of the
electronically excited states in the aggregate [2, 72]. Commonly, two limiting cases
can be distinguished: In the weak coupling regime, V/∆E � 1, the interaction
between neighboring transition-dipoles is much smaller than the site energy differ-
ence between the pigments, and the description of the excitations in terms of the
localized states, |n〉, is a good approximation. On the other hand, in the strong
coupling limit, V/∆E � 1, the nearest-neighbor interaction between the pigments
is much larger than the difference of the site energies and the Frenkel exciton states,
|k〉, provide a reasonable starting point for the description of the excited states in
such a system. For the LH1 model structures introduced in chapter 5, the relative
magnitude of V and ∆E amounts to V/∆E ≈ 6. Thus, the strong coupling limit
applies and the delocalized |k〉 states are a good approximation for the electroni-
cally excited states in the various aggregates.
Striking consequences are expected for the exciton manifold when a symmetry
breaking gap is introduced into a circular aggregate [10, 12]. Such a system then
comprises the combined properties of a linear and a circular excitonic aggregate. To
begin with, the numbering scheme is now equal to the linear aggregate, k = 1, 2, ...,
indicating that the breaking of the circular symmetry lifts the pairwise degeneracy
of the exciton states. Additionally, the oscillator strength is redistributed among
the exciton states and, most importantly, the lowest exciton state, k = 1, gains
considerable oscillator strength (10% of the total oscillator strength for the sim-
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ulation of a circular LH1 aggregate with a gap in [10]), even if diagonal disorder
is excluded in the calculation of the exciton manifold. Note however, that these
10% are far off the 81% of the total oscillator strength, calculated for the lowest
exciton state of a one dimensional linear aggregate (see section 2.7.2). Authors in
[10] additionally showed that even for a circular aggregate with a gap, the k = 2, 3
states (corresponding to the kas = ±1 states of a circular aggregate) comprise the
main part of the total oscillator strength of the system.
In chapter 5 the exciton manifold of an elliptic aggregate, build up from dimeric
subunits and with a gap on the long side of the ellipse, is numerically calculated.
Therein, it is also demonstrated how the properties of the exciton manifold can be
translated into single-complex spectra, which can then be compared to the experi-
mentally acquired spectra.
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Why low-temperature fluorescence-excitation spectroscopy on individual
RC-LH1 complexes? - A little bit of history

In 1989 Moerner and Kador were the first to achieve the detection of the optical
signal from a single molecule at low temperatures [73]. Thereby, they succeeded in
measuring the absorption signal of single pentacene dyes embedded in a host crystal.
Since it is clear that the absorption of a single dye molecule will only marginally at-
tenuate the intensity of the incident light beam, a sophisticated double-modulation
technique had to be applied, which then resulted in an indirect measurement sig-
nal of the pentacene absorption. By measuring fluorescence-excitation spectra of
the same system, shortly afterwards in 1990, Orrit and Bernard demonstrated that
with this technique the signal-to-noise ratio can be improved significantly [74]. In
single-molecule fluorescence-excitation spectroscopy the laser excites a small sample
volume in which at most one molecule is present. Subsequently, the frequency of
the exciting laser is scanned through the wavelength region of the molecule absorp-
tion and only the red-shifted fluorescence from the molecule is collected. In this
way, the back-scattered laser light from the sample can be efficiently suppressed
with suitable optical filters, and one is able to directly record the fluorescence-
detected absorption (excitation) spectrum from an individual molecule. In the
present work fluorescence-excitation spectra of individual RC-LH1 complexes from
Rps. acidophila have been measured.
Temperature has a crucial influence on the homogeneous linewidth of excitation
spectra [57]. With rising temperature, low-frequency modes of the matrix or the
probe molecule are activated, leading to an increase of dephasing processes and con-
sequently to a broadening of the homogeneous linewidth. For pentacene or terrylene
in a p-therphenyl host crystal, it was found that this process follows an exponential
dependence, such that, e.g. the linewidth of a terrylene molecule broadens tremen-
dously upon raising the temperature from 2 to 5 K [57]. Another positive effect of
low temperatures is that photobleaching processes are strongly reduced, allowing to
study a molecule over a much longer time period compared to room-temperature.
Hence, in this thesis individual LH complexes have been studied under cryogenic
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conditions, at 1.2 K.
By recording fluorescence-excitation spectra from single LH complexes, spectral de-
tails become visible that are otherwise buried under the ensemble average [11, 12].
From these spectral characteristics, amongst other things, conclusions can be drawn
on the geometric arrangement of the BChl a molecules in a LH complex [12, 14].
On these grounds, in the present work the currently unknown pigment-distribution
in the LH1 complex from Rps. acidophila has been investigated by means of low-
temperature single-complex fluorescence-excitation spectroscopy.

3.1 Sample and chemicals

The RC-LH1 complexes from Rps. acidophila, strain 10050, were obtained from a
cooperation partner, Prof. R.J. Cogdell at the University of Glasgow, U.K.. Rps.
acidophila was grown in Glasgow and the RC-LH1 complexes were prepared as de-
scribed previously [75] with the exception that, once the RC-LH1 complexes were
removed from the sucrose gradient after centrifugation, the detergent was exchanged
from 0.1% LDAO to 0.02% DDM. This was carried out by binding the complexes to
an anion exchange column, washing the bound complex with five column volumes
of detergent buffer containing 0.02% DDM (20 mM Tris/HCl (pH 8), 0.02% DDM)
and then the bound complexes were eluted in 200 mM sodium chloride, 20 mM
Tris/HCl (pH 8) and 0.02% DDM. The RC-LH1 complexes were stabilized by this
detergent exchange and their concentration was adjusted to give an absorption of
100 cm−1 at 885 nm (OD885). This stock solution was transferred to Bayreuth,
where it was aliquoted, diluted to an OD885 of 10 cm−1, and stored in the dark at
−80 ◦C until use. To eliminate possible damage during transportation, the quality
of the sample was checked by recording a room-temperature ensemble absorption
spectrum (see Figure 4.2, red line).
Table 3.1 shows a list of the chemicals that were used for sample preparation.

trade name chemical name company

DDM dodecyl-β-D-maltoside Roth Chemie
Tris tris-hydroxymethyl-aminomethane Sigma-Aldrich
PVA polyvinyl alcohol (MW = 124, 000− Sigma-Aldrich

−186, 000 g/mol)
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine Avanti Polar Lipids

Table 3.1: List of the chemicals used for sample preparation.

For membrane reconstitution 500 µl Slide-A-Lyser dialysis cassettes with a molec-
ular weight cutoff of 3500 Da were purchased from Thermo Scientific (Rockford,
U.S.A.).
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3.2 Detergent-mediated membrane reconstitution

3.2 Detergent-mediated membrane reconstitution

In order to create a more native-like environment for the detergent stabilized RC-
LH1 complexes from Rps. acidophila, the complexes were reconstituted into prefab-
ricated lipid vesicles. Thereby, the major ‘trick’ in the reconstitution protocol is to
gradually reduce the detergent concentration in the solution of detergent stabilized
RC-LH1 complexes, below the critical micelle concentration (CMC) of the deter-
gent. By doing this, it becomes entropically favorable for the exposed hydrophobic
groups of the RC-LH1 complexes to be incorporated into the lipid bilayer of the
available lipid vesicles [45, 46]. In this work a detergent-mediated reconstitution
procedure was applied, as described in [76–78]. The crucial steps of this procedure
are described in the following and sketched in Figure 3.1:

I. As the natural bacterial membrane is too complex for a systematic investiga-
tion, the RC-LH1 complexes from Rps. acidophila were extracted from their native
membrane (see above). From Glasgow a solution of pure RC-LH1 complexes was
received, stabilized in detergent buffer (20 mM Tris/HCl (pH 8), 0.02% DDM) to
prevent the dissociation/denaturation of the complexes.

II. As a starting point for the preparation of unilamellar lipid vesicles a commer-
cially available stock solution of lipid molecules (DOPC) dissolved in chloroform
was used. Initially, to achieve the formation of a lipid film, the solvent had to be
removed from the lipid solution. For this, 2 mg of solvated DOPC, were dried under
a constant nitrogen flow. Furthermore, to remove all traces of organic solvent, the
lipid film was kept under vacuum overnight. In order to avoid chemical oxidation
of the lipid hydrocarbon chains, the films were then stored under argon atmosphere
at −20 ◦C until use.
For vesicle preparation, the lipid films were resuspended in 20 mM Tris buffer
(pH 8) at a concentration of 1 mg/ml and vortexed until a complete hydration of
the film was achieved. The product of hydration is a large multilamellar vesicle,
analogous in structure to an onion, with each lipid bilayer separated by a layer of
water. Then, a sequential extrusion of the lipid suspension through polycarbonate
membranes (Avanti Polar Lipids, Alabaster, U.S.A.) with decreasing pore size 0.8,
0.2, 0.1 and 0.05 µm, respectively (Avanti protocol), was performed. This proce-
dure yielded unilamellar vesicles with a mean diameter of 64 nm, as determined by
dynamic light scattering (DLS).

III. Immediately after preparation the vesicles were used for membrane reconsti-
tution. In order to do so, 250 µl of detergent stabilized RC-LH1 complexes were
diluted to either 35 pM (single-complex experiments) or to 650 nM (ensemble
experiments), mixed with 250 µl of the liposome suspension, and inserted into a
Slide-A-Lyser dialysis cassette (Thermo Scientific) with a molecular weight cutoff
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Figure 3.1: Detergent-mediated membrane reconstitution: I. Initial RC-LH1 complexes from
Rps. acidophila stabilized in detergent micelles of the detergent DDM. II. Preparation of unil-
amellar DOPC vesicles by extrusion. Top: “Avanti mini-extruder” (Avanti Polar Lipids). Bot-
tom: Sketch of the unilamellar vesicles, shown as cross-sections in a two-dimensional repre-
sentation (mean vesicle diameter: 64 nm). The yellow color indicates the hydrophobic core
region of the lipid membrane and the blue color indicates the hydrophilic outer boundaries of
the membrane. Water inside the vesicles is indicated by the light blue color. III. Dialysis of the
DOPC vesicles together with the detergent stabilized RC-LH1 complexes, against a reservoir
of detergent-free buffer. IV. RC-LH1 complexes reconstituted into a lipid bilayer.
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of 3500 Da. This molecular weight cutoff of the dialysis membrane ensures perme-
ability for the detergent molecules, but holds back the lipid vesicles as well as the
pigment-protein complexes. The suspension of liposomes with detergent stabilized
RC-LH1 complexes was dialyzed against a reservoir of 1.4 l of detergent-free buffer
at 5 ◦C in a dark cold room for 4 days, with exchanging the buffer once at half
time. The reconstituted RC-LH1 complexes were then removed from the dialysis
cassette and either used immediately for the spectroscopy experiments or stored at
4 ◦C in the dark for, at most, 9 days until use.

IV. With the end of the dialysis process, the incorporation of the RC-LH1 com-
plexes into a more native-like lipid bilayer environment is complete. For the single-
complex samples the average ratio of lipid molecules to RC-LH1 complexes was
(3.5× 107) /1 (molar concentration ratio, c/c), which corresponds to about 0.001
RC-LH1 complexes per vesicle [77]. This high dilution ensures that the probability
of having two complexes in one vesicle is extremely low (0.0001%). For the samples
used for ensemble spectroscopy, the average lipid-to-protein ratio was about 1900/1
(c/c), corresponding to an average of 19 RC-LH1 complexes per vesicle.
In order to test the integrity of the RC-LH1 complexes after the reconstitution
process, and to verify whether the protocol was successful, room-temperature ab-
sorption spectra were recorded from the ensemble samples using a commercial
UV/VIS/NIR-Spectrophotometer (Lambda 750, Perkin Elmer, Waltham, U.S.A.)
(see Figure 4.8, red line). The stability of the reconstituted samples was checked
by taking a second absorption spectrum from the same sample two weeks later.
Both spectra were identical and no indication for a dissociation/denaturation of
the RC-LH1 complexes was found.

3.3 Sample preparation

3.3.1 Room-temperature ensemble absorption spectroscopy

Ensemble absorption spectra of bulk samples were recorded with a commercial
UV/VIS/NIR-Spectrophotometer (Lambda 750, Perkin Elmer, spectral resolution
1 nm) using quartz cuvettes with an optical path length of 1 mm (Hellma, Müll-
heim, Germany). The optical density of the samples was adjusted to about 1 cm−1

at 885 nm (OD885), which corresponds to a concentration of 265 nM [79].
For ensemble absorption spectroscopy on thin films, a 25 µl drop of sample solution
was deposited onto a quartz substrate and left there for adsorption under nitrogen
atmosphere, in the dark, for 10 min. Then, the substrate was spun for 10 s at
500 rpm and 60 s at 2000 rpm. The detergent buffer solution containing the RC-
LH1 complexes was either used as is, or mixed with 2% (w/w) PVA. In order to
detect a signal from the films with a thickness of only about 100 nm, the protein
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concentration was adjusted to OD885 = 25 cm−1, corresponding to 6.6 µM .

3.3.2 Low-temperature spectroscopy experiments

PVA sample

For single-molecule spectroscopy an aliquot with detergent stabilized RC-LH1 com-
plexes was diluted in several steps in detergent buffer (20 mM Tris/HCl (pH 8),
0.02% DDM) to a protein concentration of about 10 pM (265 nM for ensemble
experiments). During the last dilution step 1% (w/w) PVA was added to the sam-
ple. These preparations were done at room-temperature in the dark to minimize
any photodamage of the sample. Subsequently, a drop (25 µl) of this solution was
spin-coated in an inert nitrogen atmosphere onto a quartz substrate, for 10 s at
500 rpm and 60 s at 2000 rpm (model P6700, Specialty Coating System, Indi-
anapolis, U.S.A.). This resulted in an amorphous polymer film with a thickness of
about 50− 70 nm. The sample was then mounted into a helium-bath cryostat and
precooled to about −170 ◦C by slowly adding liquid nitrogen into the cryostat. Af-
ter pumping out the nitrogen, the cryostat was filled with liquid helium and cooled
down to 1.2 K.

Detergent/lipid bilayer sample

A drop (25 µl) of the RC-LH1 solution (either in detergent buffer or in the lipid
bilayer) was pipetted under nitrogen atmosphere, in the dark, onto a quartz sub-
strate and left there to adsorb for 10 min. Subsequently, the substrate was spun for
10 s at 500 rpm and 60 s at 2000 rpm. In order to minimize the dissociation of the
RC-LH1 complexes stabilized in detergent buffer solution [41], for this sample the
above described steps were carried out in a dark cold room at 5 ◦C. For the sam-
ples with the reconstituted RC-LH1 complexes the dilution and the spin-coating
was done at room-temperature, under dimmed light conditions. Next, the sample
was plunged into a cryostat that was prefilled with liquid nitrogen. Then, the ni-
trogen was pumped out and the cryostat was filled with liquid helium and cooled
down to 1.2 K. The concentration of the RC-LH1 complexes was about 265 nM
for the ensemble experiments and 10 pM for the single-molecule experiments.

3.4 Experimental setup

For the recording of both fluorescence-excitation and fluorescence-emission spec-
tra a home-built microscope was used that could be operated either in wide-
field or in confocal mode. As excitation source served a continuous-wave tunable
titanium-sapphire (Ti:Sa) laser (3900S, Spectra Physics, Mountain View, U.S.A.)
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that was pumped by a frequency-doubled continuous-wave neodynium:yttrium-
vanadate (Nd:YVO4) laser (Millenia Vs, Spectra Physics). Precise changes of the
wavelength of the Ti:Sa laser were accomplished by rotating an intracavity birefrin-
gent filter with a motorized micrometer screw (Model MM4005, Newport Corpora-
tion, Irvine, U.S.A.). In this way, the laser could be tuned continuously within the
gain profile of the Ti:Sa crystal, from 770 − 920 nm. The accuracy as well as the
reproducibility of the laser frequency were tested with a wavemeter and was about
1 cm−1 in both cases.

3.4.1 Wide-field imaging

Figure 3.2: (a) Schematic illustration of the experimental setup when operated in the wide-
field imaging mode. The excitation light path is shown in yellow and the detection path in red
(for details, see text). (b) Example wide-field image with each bright spot corresponding to
the diffraction limited image of an individual RC-LH1 complex.
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For wide-field imaging the sample was aligned in the focal plane of the microscope
objective (f = 2.9 mm, NA = 0.85, Microthek, Hamburg, Germany), where both
sample and objective were mounted inside the cryostat and immersed in liquid
helium (Figure 3.2a). By a biconvex lens (“wide-field lens”, focal length, f =
300 mm) the excitation light was focused onto the back-focal plane of the objective,
such that a divergent light beam was entering the objective. As a result, the
excitation light was only weakly focused on the sample plane, illuminating an area
of about 45× 45 µm2 [80]. The excitation wavelength was 885 nm for the RC-LH1
complexes in PVA and 890 nm for the complexes in detergent buffer/lipid bilayer,
in resonance with the respective low-temperature ensemble absorption maxima.
Additionally, the exciting laser light passed through an excitation filter (BP 875/50,
AHF Analysetechnik, Tübingen, Germany) to suppress residual laser fluorescence.
The fluorescence emitted from the sample was collected by the same microscope
objective which was used for excitation. The signal was then focused onto a back-
illuminated CCD camera (512 SB, Princeton Instruments, Trenton, U.S.A. or Ikon-
M 934 BR-DD, Andor Technology, Belfast, U.K.), after passing a set of suitable
bandpass filters that blocked back-scattered excitation light (BP 925/40 for the
PVA/detergent samples and BP 935/40 for the lipid bilayer samples; AHF Ana-
lysetechnik). An example wide-field image, where the fluorescence signal from
the sample was integrated for 20 s, is shown in Figure 3.2b. Each bright spot
corresponds to the diffraction limited image of an individual RC-LH1 complex.
From the wide-field image, a spatially well-isolated complex was then selected for
the confocal studies.

3.4.2 Confocal fluorescence-excitation spectroscopy

Single-complexes

To record a fluorescence-excitation spectrum from the selected complex, the setup
was switched to the confocal mode (Figure 3.3a). In this mode, the excitation laser
was guided through an excitation pinhole to optimize the beam profile, and the
parallel laser beam entering the objective was then tightly focused on the sample
plane, creating a diffraction-limited excitation volume. This confocal volume could
be made to coincide with the complex by a well-controlled deflection of the exci-
tation beam with the help of a gimbal mounted scan mirror. A pair of telecentric
lenses ensured a precise displacement of the focus within the sample plane, while
maintaining alignment with the back-aperture of the objective. The fluorescence
emitted from the sample was collected by the same objective and focused onto
a single-photon counting avalanche photodiode (APD) (SPCM-AQR-16, Perkin
Elmer, Vaudreuil, Canada) after passing a set of four bandpass filters (BP 925/40
for the PVA/detergent samples and BP 935/40 for the lipid bilayer samples; AHF
Analysetechnik). Thereby, the finite size of the detector-diode (∅ ≈ 170 µm) served
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also as detection pinhole in the confocal setup.

Figure 3.3: (a) Schematic illustration of the experimental setup when operated in the confocal
mode. The excitation light path is shown in yellow and the detection path in red (for details,
see text). (b) Typical fluorescence-excitation spectrum of an individual RC-LH1 complex from
Rps. acidophila, averaged over all incident polarizations.

The laser was scanned repetitively between 836−899 nm for the RC-LH1 complexes
stabilized in PVA/detergent buffer and from 850 to 910 nm for the complexes in
the lipid bilayer. Thereby, each recorded trace was stored separately in computer
memory. The scan speed was 2 nm/s (≈ 26 cm−1/s) and the acquisition time was
10 ms, which yields a nominal resolution of about 0.26 cm−1, ensuring that the
spectral resolution is limited by the spectral bandwidth of the laser, i.e. 1 cm−1.
In order to examine the polarization dependence of the optical transitions of the
complexes, a λ/2-plate was inserted in the excitation path. This plate was rotated
by 3.1◦ between successive scans, changing the linear polarization of the excitation
light by twice this value. The stability of the laser power was ensured by a feed-
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back loop controlled electro-optical modulator (EOM). In this way, a stabilization
of the incident laser power to a variation of only about 10% over the detected spec-
tral range (836− 899 or 850− 910 nm, respectively) could be achieved. During the
measurement of fluorescence-excitation spectra, this remaining variation of the laser
power as a function of the excitation wavelength was recorded with a powermeter
and all spectra were corrected for this variation. The superior ability of confocal mi-
croscopy for background suppression [81], can be observed in Figure 3.3b, where the
fluorescence-excitation spectrum of a single RC-LH1 complex from Rps. acidophila
features a high signal-to-noise ratio (which is additionally improved by averaging
over many spectra with different polarizations of the incident radiation). Typically
the excitation intensity for the acquisition of single-complex fluorescence-excitation
spectra was about 200 W/cm2 and measurements were conducted at 1.2 K.

Ensemble

For the acquisition of fluorescence-excitation spectra from ensembles of RC-LH1
complexes, the same measurement principle as above was applied. However, in
these measurements the quartz substrate was evenly covered by a thin layer of
RC-LH1 complexes, such that in the wide-field mode the whole illuminated area
was fluorescing. Fluorescence-excitation spectra were then recorded from arbitrary
confocal volumes within the displacement range of the scan mirror. The scanning
range amounted to 780 − 900 nm, and a pair of bandpasses (BP 925/40, AHF
Analysetechnik) was used as detection filters. The typical excitation intensity for
the ensemble fluorescence-excitation spectra was about 5 W/cm2.

3.4.3 Ensemble fluorescence-emission spectroscopy

For the acquisition of fluorescence-emission spectra from thin-film ensembles of
RC-LH1 complexes, the setup was used in the confocal mode. The detection unit,
consisting of a spectrometer (SpectraPro-150, 300 lines/mm, Acton Research Cor-
poration, Acton, USA) with a CCD camera (Luca-R 604M-OM, Andor Technology)
attached to it, was positioned opposite to the CCD camera for wide-field imaging
(Figure 3.2a). The emission signal from the sample was then deflected into the di-
rection of the spectrograph by means of a flip mirror [82]. The sample was excited
at 800 nm through an excitation bandpass filter (BP 805/60, AHF Analysetech-
nik). The emission from the sample passed through a pair of longpass filters (LP
830, AHF Analysetechnik), was dispersed in the spectrometer and imaged onto the
CCD chip. The spectral resolution of the combined spectrograph/camera system
amounted to 1.5 nm (20 cm−1) and all emission spectra have been corrected for
the spectral sensitivity of the combined system. The exposure time for the mea-
surement of the ensemble fluorescence-emission spectra amounted to 15 s and the
excitation intensity was 14 kW/cm2.
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In the first part of this chapter the RC-LH1 complex from Rps. acidophila has been
revisited for single-molecule spectroscopy. Thereby, the pigment-protein complexes
were stabilized in the detergent buffer solution using a relatively mild detergent
dodecyl-β-D-maltoside (DDM), instead of lauryldimethylamine N-oxide (LDAO)
which was applied in a previous study [10]. This leads to a significant reduction
of the fraction of broken/dissociated RC-LH1 complexes with respect to [10] and
thus, it was possible to investigate a sufficiently large sample of individual RC-LH1
complexes. For most of the complexes the fluorescence-excitation spectra exhibit a
narrow spectral feature at the red end of the spectrum. Analysis of the statistics
of the spectral properties yields a close resemblance with the results obtained on
RC-LH1 complexes from Rps. palustris for which a low-resolution x-ray structure is
available. Based on this comparison the conclusion is gained that for both species
the LH1 complex can be described by the same structural model, i.e. an overall
elliptical assembly of pigments that features a gap.
In the second part of this chapter RC-LH1 complexes from Rps. acidophila sta-
bilized in detergent buffer solution and reconstituted into a phospholipid bilayer
have been investigated, and the results were compared with the outcome of the
first part, conducted on RC-LH1 immobilized in polyvinyl alcohol (PVA). The aim
of this study was to test whether the immobilization of the complexes in a PVA
matrix might lead to a deterioration of the proteins and thereby limit the accessi-
ble information that can be obtained from optical spectroscopy. It has been found
that the complexes dissolved in a detergent buffer solution, without stabilization
in a PVA matrix, are subject to fast spectral dynamics preventing any meaningful
application of single-molecule spectroscopy. Furthermore, for the complexes recon-
stituted into a lipid bilayer it is revealed that the reconstitution process results in
a significantly larger fraction of broken complexes with respect to the preparation
of the complexes in a PVA film. However, it is also found that for the intact com-
plexes the statistics of the key spectral features, such as the spectral separations
of the bands and the mutual orientation of their transition-dipole moments, show
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no difference as a function of using either a bilayer or PVA as a matrix. Given
the additional effort involved in the reconstitution process, the lower amount of
intact RC-LH1 complexes, and, concerning the decisive spectral details, the iden-
tical results with respect to embedding the complexes in a PVA matrix, led to the
conclusion that the immobilization of these proteins in a PVA matrix is a good
choice for conducting low-temperature experiments on individual light-harvesting
complexes.

4.1 Spectroscopy on RC-LH1 complexes stabilized
in the detergent DDM

4.1.1 The RC-LH1 complex from Rps. acidophila

Figure 4.1: 19 Å resolution projection map of negatively stained two-dimensional crystals of
RC-LH1 complexes from Rps. acidophila, strain 7750 (from [2]). The length of the scale bar
corresponds to 12 nm.

So far structural information on the RC-LH1 complex from Rps. acidophila is very
limited. There is only a projection map of negatively stained two-dimensional crys-
tals of RC-LH1 complexes from the strain 7750 of Rps. acidophila available (in
contrast to strain 10050 investigated in this work), however with a very poor res-
olution of only 19 Å (Figure 4.1). From this projection map one could infer that
the LH1 complexes from this bacterial species are circular and completely surround
their corresponding RC. Then again the projection map originates from a time
(1994), where such a type of LH1 model was dogma and actually the map was
created by assuming a six-fold symmetry for a complete LH1 ring [2]. Therefore,
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given also the very low resolution of the projection map, the only information that
can be extracted from it, is that the RC-LH1 complexes from Rps. acidophila are
monomeric, but neither the precise shape (circular vs. elliptical) of the LH1 com-
plex, nor if the LH1 aggregate has a gap or not, are revealed.
It is now well established that the spatial arrangement of the pigments determines
to a large extent the spectroscopic features of the complexes and that in these sys-
tems collective effects have to be considered in order to appropriately describe their
electronically excited states [2, 5, 12, 14, 15, 61, 62, 64, 70, 83–88]. This leads to the
so called Frenkel excitons, which arise from the interactions of the transition-dipole
moments of the individual pigments, and which correspond to delocalized electron-
ically excited states. The presence of a gap in the chromophore arrangement has
severe consequences for the electronic structure of the complex and the photophys-
ical parameters of the exciton states. Firstly, degeneracies between the exciton
states are lifted and following common practice the exciton states are numbered
k = 1, 2, . . . , N [59], with N being the total number of pigments in the aggregate.
Secondly, significant oscillator strength is shifted to the lowest exciton state, i.e.
k = 1, in marked contrast to a closed-ring BChl a arrangement, as for example
for LH2, where nearly all oscillator strength is accumulated in the next higher ex-
citon states [11, 12, 14, 85]. Since the fluorescence lifetime of the k = 1 state is
in the order of 600 ps [56, 89] which is rather long with respect to the relaxation
of the higher exciton states, that takes place on a 100 fs timescale [27, 90], this
leads to the occurrence of a relatively narrow spectral feature at the red-edge of the
absorption spectrum. Exploiting single-molecule spectroscopy those features could
be made visible and not only confirmed the presence of the gap in LH1 from Rps.
palustris, but also gave rise to a refinement of details of the x-ray structure [12, 15].
The first single-molecule experiments on RC-LH1 complexes were conducted by
Ketelaars et al. [10] on those from the species Rps. acidophila. This study was a
follow up of the experiments on LH2 complexes from the same species [11, 13, 14].
Unfortunately, the resulting spectra revealed a large degree of spectral heterogene-
ity and it was argued that in some of the complexes the LH1 rings were not fully
intact or might even be decomposed. The spectral signature of those LH1 com-
plexes which were considered intact, was interpreted as originating from a closed
ring structure. However, this interpretation was based upon the work performed on
the LH2 complexes [13, 14] for which such a structural composition is well known.
This raises the question if the conclusions drawn from the early LH1 spectra for
the buildup of their structures were really correct.
By means of simple room-temperature ensemble absorption experiments clear evi-
dence was already found for a partial dissociation of the RC-LH1 complexes from
Rps. acidophila if they were stabilized in the detergent lauryldimethylamine N-
oxide (LDAO), as it was used in the previous study [10] (see following section
4.1.2). Thus, given the remaining structural uncertainties for the RC-LH1 com-
plex from Rps. acidophila and the encouraging results obtained on RC-LH1 from
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Rps. palustris [12, 15], in this work the RC-LH1 complex from Rps. acidophila was
revisited for single-molecule spectroscopy, now using the milder detergent dodecyl-
β-D-maltoside (DDM) for the stabilization of the complexes in the buffer solution.

4.1.2 Results and Discussion

Figure 4.2: Room-temperature ensemble absorption spectra of RC-LH1 complexes from Rps.
acidophila solubilized in LDAO (black line, data taken from [10]) and DDM (red line). The
assignments of the various bands are given in the figure. For better comparison the spectra
have been normalized to the peaks of the Qy absorption bands.

Figure 4.2 shows a comparison of the room-temperature ensemble absorption spec-
tra of RC-LH1 from Rps. acidophila obtained from complexes that were either
stabilized in the detergent LDAO (black line, from [10]) or in DDM (red line).
Both spectra feature the known BChl a absorption bands (Qy: 885/887.5 nm,
DDM/LDAO; Qx: 591.5/591 nm; Soret: 376.5/377 nm) as well as bands that
can be attributed to the RC (803/799 nm), the carotenoids (515/514.5 nm, main
peak), and the proteins’ aromatic residues (274/273 nm) [4]. A commonly accepted
measure for the purity of the sample is given by the ratio of the optical densities
at 885 nm and at 280 nm, OD885/OD280, which amounts to 2.26 for the sample
stabilized in DDM (Figure 4.2, red line) and 1.43 for the one in LDAO (Figure 4.2,
black line), indicating the higher quality of the DDM sample. Another hint that
the LDAO-stabilized RC-LH1 complexes might be partly broken is provided by the
pronounced shoulder of the RC absorption band around 783 nm. This shoulder
probably originates from free BChl a which absorbs around 770 nm [4], and is not
observed for the DDM-stabilized sample.
The low-temperature (1.2 K) fluorescence-excitation spectra from individual RC-
LH1 complexes were recorded as a function of the polarization of the excitation
light. The laser was scanned repetitively between 836 and 899 nm and between
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Figure 4.3: Low-temperature (1.2 K) fluorescence-excitation spectrum from an individual
RC-LH1 complex from Rps. acidophila as a function of the polarization of the excitation
light. (a) Stack of 174 consecutively recorded individual spectra. Between two successive
spectra the polarization of the incident radiation has been rotated by 6.2◦. The horizontal axis
corresponds to the excitation wavelength, the vertical axis to the scan number or equivalently
to the polarization angle and the intensity is given by the color code. The excitation intensity
was 300 W/cm2. (b) Spectrum that corresponds to the average of the 174 consecutively
recorded spectra. (c) Integrated fluorescence intensity of the three spectral intervals B1-B3
that are indicated at the top of the panel in part (a), as a function of the polarization of
the incident radiation (black lines). The colored lines correspond to cos2-type functions that
have been fitted to the data. (d) Average of 3 adjacent spectra that have been recorded for
polarizations where the distinct spectral features B1 (red) and B3 (blue) are most pronounced.
The positions of the spectra within the stack displayed in part (a) are indicated by the dashed
lines. To improve the signal-to-noise ratio the spectra in (b) and (d) have been smoothed by
averaging over five adjacent data points.
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two successive scans the polarization of the incident radiation was rotated by 6.2◦.
An example for this protocol is shown in Figure 4.3. The resulting spectra are
shown in Figure 4.3a in a two-dimensional representation, where 174 individual
scans have been stacked on top of each other. The horizontal axis corresponds to
wavelength, the vertical axis to the polarization of the excitation laser, and the
detected fluorescence intensity is given by the color code. Averaging all individual
spectra yields the sum spectrum displayed in Figure 4.3b. It shows three spectral
features denoted as B1-B3 that peak at 889 nm, 887 nm, and 882 nm, respectively.
Subsequently, in each individual spectrum the intensity of the bands B1-B3 was
integrated over a small wavelength interval as indicated by the bars on top of Fig-
ure 4.3a, and the result is displayed in Figure 4.3c as a function of the polarization
(black lines). For all three bands the intensity shows a modulation that is consis-
tent with a cos2-dependence (colored lines). From this procedure the mutual angle
between the transition-dipole moments of the bands is obtained, that amounts to
∆αB1B2 = 17◦ for B1 and B2, and ∆αB2B3 = 79◦ for B2 and B3, respectively.
Finally, Figure 4.3d displays two spectra that have been recorded for those polar-
izations where the bands B1 (red) and B3 (blue) feature the maximum intensity. In
order to improve the signal-to-noise ratio, each spectrum in Figure 4.3d corresponds
to the average of three consecutive individual laser scans, indicated by the dashed
lines in Figure 4.3a. This approach provides the energetic separations between the
spectral bands which are ∆EB1B2 = 26 cm−1, and ∆EB2B3 = 60 cm−1 for this
example.

Figure 4.4: Low-temperature (1.2 K) ensemble fluorescence-excitation spectra of RC-LH1
complexes from Rps. acidophila. The black spectrum was recorded for an ensemble of RC-LH1
complexes embedded in a thin polymer film with an excitation intensity of about 5 W/cm2.
The green line corresponds to the sum of 61 spectra recorded for individual RC-LH1 complexes.
For easier comparability the two spectra have been peak normalized.
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In total, fluorescence-excitation spectra have been recorded from 61 individual,
DDM-stabilized RC-LH1 complexes from Rps. acidophila. Figure 4.4 shows a com-
parison between the sum of all 61 spectra, averaged over all incident polarizations
(green line), and a low-temperature (1.2 K) ensemble fluorescence-excitation spec-
trum of DDM-stabilized RC-LH1 complexes embedded in a PVA matrix (black
line). The ensemble spectrum has its maximum at about 886.4 nm and a width
of 306 cm−1 (full width at half-maximum, fwhm). The sum spectrum is slightly
red shifted with respect to the ensemble spectrum and also has a slightly broader
linewidth (887.1 nm/323 cm−1; peak/fwhm). Overall the ensemble spectrum is
quite well reproduced by the spectrum that results from the summation of the
single-complex spectra (in contrast to the precursor study, where only 24 com-
plexes were measured [10]), indicating that in this work the selected complexes are
a fair statistical representation of the ensemble.
Generally, the excitation spectra featured a few broad bands with linewidths (fwhm)
varying between 100 cm−1 and 290 cm−1. Most of the complexes (49/61 correspond-
ing to 80%) featured in addition at least one narrow absorption line. The widths
of these lines varied between 3 and 12 cm−1 for different complexes. However, it is
worth noting that the widths of the narrow lines do not reflect the homogeneous
linewidths, but are determined by unresolved spectral diffusion. For the narrow
line B1 depicted in Figure 4.5 spectral diffusion can be observed on two timescales,
where both diffusion types lead to a broadening of the apparent linewidth of B1.
Within the time span of the measurement, which should be assumed here as the
time needed for the acquisition of the 58 spectra shown in Figure 4.5a, compara-
tively large spectral jumps (red arrow in Figure 4.5a) and gradual spectral drifts
of the transition frequency of the narrow line can be seen. As a result, the appar-
ent linewidth of a narrow line is considerably broadened in a spectrum averaged
over many scans. Thus, to circumvent the large spectral drifts occurring on a slow
timescale, one should try to determine the homogeneous linewidth of B1 within a
single scan (Figure 4.5b). This relationship is demonstrated in Figure 4.5. Panel
(a) of the Figure shows a selected part of the two-dimensional representation of the
measurement protocol of the complex in Figure 4.3. In panel (b) an individual scan
is shown, where the spectrum has been smoothed by averaging over five adjacent
data points to improve the signal-to-noise ratio. Panels (c) and (d) show an ex-
panded view around the narrow line B1 of the spectrum in (b). Thereby, in panel
(c) the spectrum is still shown in its smoothed form, making the narrow line appear
as a double peak with peak positions at 889.46 and 889.83 nm, respectively. Panel
(d) shows the same spectral range as in (c) without smoothing of the spectrum and
finally panel (e) shows the gray shaded region of panel (d) on a further expanded
wavelength scale. The black dots indicate the data points which are separated by
about 0.02 nm (≈ 0.26 cm−1) and the black line connecting the points is shown as
a guide for the eyes. The spectral region marked in red is an educated guess for
the spectral diffusion range of the narrow line within the shown scan. The green
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Figure 4.5: Spectral diffusion of the narrow absorption line. (a) Stack of 58 consecutively
recorded spectra. The spectra correspond to a selected region of the complex shown in Figure
4.3. The red arrow indicates a large spectral jump of the narrow line between successive scans.
(b) Single scan which corresponds to the dashed line in panel (a). The spectrum has been
smoothed by averaging over five adjacent data points. (c) Narrow line of the spectrum in (b)
shown on an extended wavelength scale. (d) Spectrum (c) without averaging of adjacent data
points. (e) Expanded view of the gray shaded region of panel (d). The black dots indicate the
data points and the black line is shown to guide the eyes. The spectral region marked in red
is an educated guess for the spectral diffusion range of the narrow line within one scan. For
illustration the green line indicates the spectral bandwidth of the laser of ≈ 1 cm−1.
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line is a simulated Lorentzian line (fwhm = 1 cm−1). It is shown for illustration,
indicating the spectral bandwidth of the excitation laser of ≈ 1 cm−1. In the course
of the experimental protocol the frequency of the laser line is shifted from one data
point to the next.
When the linewidth of a narrow line is determined within a single scan, one should
not be misled by the effect of spectral smoothing: While the narrow line appears
as a broad peak with a narrow side peak to longer wavelength in Figure 4.5c, the
corresponding spectrum in Figure 4.5d, where no smoothing was applied, looks
rather jagged, displaying multiple peaks in the spectral region of the main peak in
Figure 4.5c. The following explanation for the resulting spectrum is proposed (Fig-
ure 4.5e): During the time in which the laser is scanned over the spectral region of
interest, the transition frequency of the narrow line undergoes fast changes within
the spectral range shaded in red. Thus, if by chance the transition frequency of
the narrow line overlaps with the spectral bandwidth of the excitation laser, a high
fluorescence signal can be observed (peaks in the left part of the indicated spectral
diffusion range). Here however it can also be seen that between two measurement
points (separated by about 0.26 cm−1 and a time period of 10 ms) the transition
frequency of the narrow line can jump out of the spectral overlap with the rela-
tively broad laser line, leading to the pronounced dips between the four maxima
in the left part of the spectral diffusion range. Thus, it can be learned that fast
spectral diffusion occurring on the ms-timescale prevents the determination of the
homogeneous linewidth of the narrow line, which however should be considerably
smaller than the spectral diffusion range defined in Figure 4.5e.
The values given above for the linewidths of the narrow lines were determined in
spectra corresponding to the average over 3 adjacent scans in which the transition
frequency of the narrow line was spectrally stable, and additionally the resulting
spectra have been smoothed by averaging over 5 adjacent data points. Therefore,
the linewidths determined in this way, can be regarded as a measure for the range
of the fast spectral diffusion of the narrow lines for the individual complexes.
Naturally, the fast diffusion of the transition frequency of the narrow line also af-
fects its fluorescence intensity. A maximum of the detected fluorescence is only to
be expected for a perfect agreement of the narrow line transition frequency with the
frequency of the excitation laser, and every deviation between these two frequen-
cies will result in a decrease of the observed fluorescence intensity of the narrow
line. Furthermore, as the spectra have been smoothed by averaging over five ad-
jacent data points to improve the signal-to-noise ratio, the resultant narrow line
fluorescence intensity in these spectra is significantly lowered in comparison to the
non-smoothed spectra (see y-axis scale in Figure 4.5c and d). Finally, the excitation
of the narrow line, for which, according to the LH1 fluorescence lifetime [56, 89], a
linewidth of about 0.02 cm−1 can be estimated, with a broadband laser (spectral
bandwidth ≈ 1 cm−1), might lead to a further decrease of its fluorescence intensity
[91]. A systematic investigation of this phenomenon however failed, due to the
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fast spectral diffusion of the narrow line [92]. Nevertheless, taken together, all of
the three above-mentioned processes (spectral diffusion, smoothing and broadband-
excitation) should then at least in part be responsible for the observed deviation
of the fluorescence intensity of the narrow line, B1, which is considerably smaller
than the absorbance calculated for the lowest exciton state k = 1 in the numerical
simulations (see chapter 5).
Returning to the single-complex spectra, according to their spectral characteristics,
the RC-LH1 complexes could be grouped into three categories, referred to as A -
C, hereafter. A typical example for each category is shown in Figure 4.6. For each
category the top panel displays a stack of 58 consecutively recorded fluorescence-
excitation spectra as a function of the polarization of the excitation. Below these
patterns the sum spectrum (black line) is shown together with example spectra
(colored lines), each corresponding to the average of three consecutive scans, that
feature the characteristic spectral details of each category.

Figure 4.6: Classes of fluorescence-excitation spectra obtained from different RC-LH1 com-
plexes from Rps. acidophila. The upper panels (a), (b) and (c) show stacks of consecutively
recorded fluorescence-excitation spectra that have been restricted to 58 spectra each for brevity.
Between two individual fluorescence-excitation spectra the polarization of the incident radia-
tion has been rotated by 6.2◦, and the fluorescence intensity is indicated by the color code. The
spectra displayed at the bottom of each panel correspond either to the sum of the full stack
of spectra (black lines), or to the average over three adjacent individual spectra (blue/red)
that have been recorded for a distinct polarization of the excitation (indicated by the dashed
colored lines in the top panels). Additionally, all spectra have been smoothed by averaging
over five adjacent data points. In each case the vertical axis of the lower panels is valid for
all three traces. The spectra were recorded at 1.2 K and the excitation intensity was typically
about 250 W/cm2.

The complexes attributed to category A (50 of 61 complexes) featured two broad
bands with distinctly different orientation of their transition-dipole moments (Fig-
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ure 4.6a). For 38 of these complexes a narrow spectral feature was observed at the
low-energy side of the fluorescence-excitation spectra. For the other 12 complexes
the spectrum overlaps with the detection window, possibly masking a narrow line
at the red end of the spectrum. The complexes assigned to class B (4/61) feature
a single, linear polarization of the whole spectrum (Figure 4.6b). For all four com-
plexes the registered fluorescence-excitation spectra exhibit a broad band with a
narrow line at the low-energy wing. Finally, in category C (7/61) the complexes
featured either two narrow lines, each one on the red wing of a broad absorption
band, or a broad band on the red side of a narrow line extending into the detection
window which presumably masks a second narrow line (Figure 4.6c).
Given that the majority of the RC-LH1 complexes featured category A spectra, in
the following the focus will be on this type of spectra. In Figure 4.7 the distributions
of the separations of the spectral bands and the mutual orientations of the associ-
ated transition-dipole moments, determined as described before for Figure 4.3, are
summarized. The histograms differ from each other in the number of entries, which
reflects the fact that for some complexes the spectra were red-shifted to an extent
that they overlapped with the detection window, thus preventing the observation
of all spectral bands. In particular, for 23 complexes only was the narrow feature
at the red end of the spectrum observable and spectrally sufficiently stable to allow
a reliable fit of the relative phase angle. Only these complexes were considered for
the histogram shown in Figure 4.7c. Similarly, for 11 of the category A complexes
the energetic separation between B2 and B3 was so small that a reliable determi-
nation of the relative phase angle of the associated transition-dipole moments was
impossible, which reduced the number of entries in the histogram shown in Figure
4.7d from 50 to 39. For the energy difference between the bands B1 and B2 (B2
and B3) a variation between 2 cm−1 and 68 cm−1 (3 cm−1 and 236 cm−1) is found,
with a mean value of 33 cm−1 (85 cm−1), Figure 4.7a,b. To restrict the scale for
the relative orientations of the transition-dipole moments to values between 0◦ and
90◦, the phase differences were calculated as ∆αBiBj =

∣∣αBi − αBj ∣∣ if the result
was less than 90◦ or as ∆αBiBj = 180◦ −

∣∣αBi − αBj ∣∣ otherwise. Accordingly, the
distribution of the relative orientations of the transition-dipole moments that are
associated with B1 and B2 displays a maximum at about 0◦ and a steep decrease
for larger angles (Figure 4.7c). For the bands B2 and B3 the respective distribution
for the mutual orientation of the transition-dipole moments increases from 15◦ to
a maximum at about 90◦ (Figure 4.7d).
The insets in Figure 4.7a,c show the distributions for the energy splitting, ∆EB1B2,
and the mutual angle between the corresponding transition-dipole moments,
∆αB1B2, for the bands B1 and B2 of RC-LH1 from Rps. palustris and were taken
from [15]. Given the similarity of these distributions with the data from Rps. aci-
dophila, it can be concluded that the palustris model described in [15] also grasps
the essential features of the RC-LH1 structure from Rps. acidophila (see however
chapter 5). In [15] the experimental data were compared with results from numer-
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Figure 4.7: Distributions of the energetic separations ∆E observed between (a) B1 and B2,
and (b) B2 and B3, and of the mutual angles ∆α between the transition-dipole moments that
are associated with (c) B1 and B2, and (d) B2 and B3. The insets in (a) and (c) display the
corresponding data for RC-LH1 from Rps. palustris and have been taken from [15].

ical simulations based on a simple model Hamiltonian using the Heitler-London
approximation and it was found that the RC-LH1 complexes from Rps. palustris
can be adequately modeled by 15 BChl a dimers that are distributed equidistantly
around an ellipse that features a gap adjacent to the RC QB binding site. In anal-
ogy with the palustris study the observed spectral bands B1, B2, B3 are assigned
to the exciton states k = 1, 2, 3, respectively, where B3 may have additional con-
tributions from exciton states k > 3 depending on the specific realization of the
diagonal disorder. In chapter 5 a LH1 model structure with more realistic simu-
lation parameters than those used in [15] is presented. However, therein and also
regarding the outlook in chapter 6, it becomes clear that a more profound state-
ment about further structural details of the LH1 aggregates of the bacterial species
Rps. palustris and Rps. acidophila or differences between them requires on the one
hand a better resolved crystal structure as a starting point (here, the new structure
from T. tepidum [9] may provide some new insights). On the other hand, a more
sophisticated theoretical approach than Heitler-London and a dipole-dipole inter-
action between the pigments is needed, for obtaining better information about the
site energies of the individual BChl a molecules and the intermolecular interaction
strengths, respectively [93]. In particular those BChl a molecules adjacent to the
gap are expected to have distinctly different site energies with respect to the other
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BChl a molecules in the assembly, due to their differing protein environment.
Unfortunately the distributions for the energy separations ∆EB2B3 and the mutual
angles ∆αB2B3 of the associated transition-dipole moments for the bands B2 and
B3 are not available for the Rps. palustris study, and so the corresponding dis-
tributions from this work have been compared with the results from the study of
Ketelaars et al. [10] on RC-LH1 from Rps. acidophila, where the focus was pre-
dominantly on these two broad bands. In that study four types of spectra (I-IV)
were distinguished that correspond to the classes A-C that are used here, as given
in Table 4.1.

detergent DDM (present work) detergent LDAO [10]
class relative fraction type relative fraction

(number of complexes) (number of complexes)
A 82% (50) I + II 46% (7 + 4)
B 6.5% (4) III 16.5% (4)
C 11.5% (7) IV 37.5% (9)

Table 4.1: Influence of the type of detergent on the occurrence of RC-LH1 complexes from
Rps. acidophila with distinct spectral features.

The analysis of the spectra presented in Ketelaars et al. [10], was based on work
performed on LH2 complexes from the same species [13, 14]. In LH2 the B850
BChl a molecules form a closed ring, that, in first approximation (omitting dimer-
ization), gives rise to a (circular) exciton structure with pairwise degenerate exciton
states kcirc = ±1,±2, . . . and two non-degenerate states kcirc = 0, 9. Appreciable
oscillator strength is found only for the states kcirc = ±1 which feature mutually
orthogonal transition-dipole moments. Ketelaars et al. interpreted the two broad
spectral features (here denoted as B2 and B3) as the kcirc = ±1 exciton states of a
closed ring structure in analogy with the LH2 case. The more frequent observation
of a narrow spectral feature for RC-LH1 with respect to LH2 (interpreted to stem
from kcirc = 0) was ascribed to the fact that in RC-LH1 the structural hetero-
geneity leads to a more pronounced mixing of the exciton levels and subsequent
redistribution of oscillator strength, due to the higher density of exciton states in
LH1 with respect to LH2. As a consequence of this, they classified spectra that
featured both a narrow spectral line at the red end of the spectrum, as well as
a mutual angle between the transition-dipole moments of the two following, red
shifted, broad bands around 90◦ (here denoted as ∆αB2B3) as type I, and spec-
tra where these bands featured a phase difference between 30◦ and 65◦ as type
II. However, single-molecule work on RC-LH1 from Rps. palustris and on mutants
from Rb. sphaeroides, i.e. an open ring and a closed ring structure, has revealed
that the frequent occurrence of the narrow spectral feature at the red end of the
spectrum is a strong indication for a pigment arrangement with a gap [12]. For the
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current study, therefore the distinction between type I and type II spectra has been
omitted and all spectra that featured two broad bands with distinctly differently
oriented transition-dipole moments were classified as category A. Merging the data
for type I and type II spectra in [10] yields for the energy separation (mean ±
sdev) ∆EB2B3 = (122± 64) cm−1 and for the mutual angle of the transition dipole
moments ∆αB2B3 = (71± 22)◦ which can be compared with (85± 60) cm−1 and
(67± 20)◦ found here. Within their error margins the energetic separations roughly
agree with each other, and the limited statistics of the previous study, where only
11 complexes contributed to the type I and type II spectra, should be kept in mind.
The mutual orientations of the transition-dipole moments between the bands B2
and B3 are consistent with the previous work and, as stated already in [10], the
observed strong deviation from a mean around 90◦ (in contrast to what has been
observed for kcirc = ±1 for LH2 complexes from Rps. acidophila [77, 94]) might
reflect an orientational distribution of the RC-LH1 complexes with respect to the
plane of the polymer film. For the LH2 complexes it is believed that the electro-
static interaction between the complexes and the substrate in combination with the
laminar flow induced by the spin-coating process entails a planar alignment of the
LH2 complexes on the substrate [10]. In RC-LH1 however the RC protrudes by
about 20 Å from the N-terminal side of the LH1 ring [95] which might tilt the plane
of the LH1 ring with respect to the substrate. As a result only the projections of
the exciton transition-dipole moments on the plane perpendicular to the optical
axis can be observed.
Finally, the complexes that featured spectra classified as category B and C will be
briefly addressed. Class B spectra would be consistent with RC-LH1 complexes
that are tilted so far that they are oriented with the plane of the BChl a ring per-
pendicular to the substrate. The smaller relative fraction of complexes attributed
to this class in this study in comparison to the work of Ketelaars et al. [10], might
be related to the much larger sizes reported for DDM-micelles as compared to
LDAO-micelles, 72, 000 vs. 21, 500 Da [96]. The greater micelle size will increase
the planar area of the RC-LH1-detergent construct and thereby promote a parallel
alignment with respect to the substrate plane. Class C spectra could originate from
two molecular aggregates in close proximity to each other. A probable explanation
for this is that these spectra stem from broken RC-LH1 complexes that were in the
process of dissociation prior to cooling them down to cryogenic temperatures. For
RC-LH1 complexes sustained in LDAO, traces for such dissociation processes were
already observed in the room-temperature absorption spectrum of the stock solu-
tion, see Figure 4.2. Here, the specific aggregation of the detergent molecules in the
detergent micelles might play an important role for the dissociation of the RC-LH1
complexes. While for DDM-micelles it was found that the hydrophobic core of the
micelle is sturdily protected from interaction with water (only about 10% of the mi-
celle surface consists of water exposed hydrocarbon tails) [52], for LDAO-micelles,
presumably due to the smaller headgroups of the detergent molecules, a hydration
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level of the hydrophobic core of almost 50% was found [51]. Thus, it is conceivable
that for LDAO stabilized RC-LH1 complexes water molecules might intrude into
the hydrophobic regions of the RC-LH1 complexes, thereby destabilizing them.
If the interpretation of the spectral properties for the different classes is correct, the
fraction of broken/dissociated RC-LH1 complexes (here class C, type IV in [10])
from Rps. acidophila can be significantly reduced by using DDM instead of LDAO
as detergent, namely from 37.5% to 11.5%. Due to the higher quality of the stock
solution, it was possible to perform polarization-resolved fluorescence-excitation
spectroscopy, and to determine the distributions of the spectral properties with an
improved statistics. It is found that the spectra of RC-LH1 from Rps. acidophila
resemble in shape and statistical properties those obtained on RC-LH1 from Rps.
palustris in an earlier study [12, 15] and one comes to the conclusion that both
structures can be described by the same structural LH1 model, namely an elliptical
arrangement of BChl a molecules comprising a gap (see also chapters 5 and 6). This
is in particular interesting in view of the new RC-LH1 crystal structure from T.
tepidum, revealing a LH1 complex with a completely closed, elliptical structure [9].
Regarding the electron density map (Figure 4.1) and the results from the previous
single-molecule study [10], such a type of LH1 complex was also expected for the
species Rps. acidophila. However, the results of the present section show that a
completely closed ring structure almost certainly can be excluded for the LH1 com-
plex from Rps. acidophila, but the LH1 complexes from this bacterial species should
rather be attributed to the palustris-type LH1 complexes, defined by monomeric
aggregates with a gap in their overall structure.

4.2 Influence of the environment on the spectra of
the RC-LH1 complexes

4.2.1 Motivation

Single-molecule spectroscopy has proven to be a powerful tool with which to in-
vestigate the details of the spectroscopic properties in relation to the structure of
photosynthetic pigment-protein complexes [7, 11–15, 18, 44, 94, 97–117]. However,
many of the single-molecule experiments, as well as many ensemble studies, have
been performed on detergent-solubilized complexes and involved immobilization of
the complexes in a matrix, preferentially in a thin film that was placed onto a
surface, usually either directly or by spin-coating [11–13, 100, 103, 105, 110]. It
has been questioned whether this then deforms the structure of these antenna com-
plexes and, therefore, introduces, per se, significant changes in their spectroscopic
behavior that would not be reflected in their native membrane environment, since
it is generally assumed that the LH complexes are more stable and fully native
when housed in their host biological membrane [17–19]. Supporting evidence for
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this conjecture was also obtained by single-molecule spectroscopic investigations
on the LH1 complex from the purple bacterium Rsp. rubrum, which revealed sig-
nificant spectroscopic differences on the single-molecule level between membrane-
reconstituted and detergent-solubilized complexes. The results of this study were
interpreted in terms of a narrowed statistical distribution of conformational states
for the membrane-reconstituted LH1 complexes [16]. A similar conclusion has been
drawn for photosystem I (PS I) from Thermosynechoccocus elongatus that was
studied in buffer solution, glycerol-buffer mixtures, and polyvinyl alcohol (PVA)
[118]. It was found that the degree of observed inhomogeneity for the complexes
increased in the matrices in the order glycerol-buffer, buffer solution, and PVA.
Moreover, in PVA the low-temperature optical spectra of the complexes showed a
remarkable blue-shift with respect to the other two matrices, and it was argued
that conclusions drawn from PS I in PVA are of questionable value.
In the group of Prof. J. Köhler, in which also this work was performed, the light-
harvesting complexes from purple bacteria have been studied by single-molecule
techniques in great detail [12, 15, 94, 103, 108, 115]. However, for (most of) the
experiments the detergent-solubilized LH complexes were immobilized in a PVA
matrix, and thin films were prepared by spin-coating a small amount of this so-
lution onto a quartz substrate. Concerning LH2 the issue whether the sample
preparation conditions have a significant influence on the optical spectra was ad-
dressed some years ago [77]. In that study the spectroscopic properties of individual
LH2 complexes embedded in the usual spin-coated PVA film were compared with
those from individual LH2 complexes reconstituted into a 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) lipid bilayer, which was considered as the closest ap-
proximation to the natural membrane. A detailed analysis of the spectra showed
that the distributions of the key spectral features, i.e. the splitting of the k = ±1
exciton states, and the mutual orientation of the corresponding transition-dipole
moments, showed no significant differences for the two environments. Moreover,
the single complexes immobilized in PVA did not display a more pronounced struc-
tural disorder than when in a phospholipid membrane. Generally, the RC-LH1
complexes are considered to be more fragile compared to LH2 [20]. Indeed, as was
shown in the previous section 4.1, the type of detergent used for stabilizing RC-LH1
in the buffer solution, i.e. lauryldimethylamine N-oxide (LDAO) vs. dodecyl-β-D-
maltoside (DDM), has already a significant influence on the stability of the proteins.
The experiments of the present section were performed, in order to test whether
the immobilization of RC-LH1 complexes in a PVA matrix might lead to a dete-
rioration of the proteins and thereby limit the accessible information from optical
spectroscopy. Overall, the present section is organized into two parts. In the first
part, details of the optical spectra from ensembles of RC-LH1 complexes are com-
pared as a function of the matrix and as a function of temperature. For the room-
temperature experiments, the complexes were either stabilized in DDM micelles in
buffer solution, in lipid vesicles, or in thin films of DDM buffer and DDM/PVA. For
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the experiments at low temperatures, the experimental results obtained from thin-
film samples of RC-LH1 complexes stabilized in DDM micelles in buffer solution,
RC-LH1 complexes immobilized in DDM/PVA, and RC-LH1 complexes reconsti-
tuted into a DOPC lipid bilayer are compared to each other. The second part
of this section is devoted to the comparison of the results obtained from single-
molecule spectroscopy at low temperatures. Therefore, spectra were recorded from
individual complexes in thin films of DDM buffer solution and from those recon-
stituted into the lipid bilayer, and the results are compared with the data from
the previous section 4.1 that were acquired for RC-LH1 complexes immobilized in
a DDM/PVA thin-film matrix. The general finding is that the distributions of
the spectral features, i.e. the separation of the absorption bands and their relative
polarization properties are identical for the RC-LH1 complexes in DDM/PVA and
the lipid bilayer (within the statistical accuracy). Moreover, it is argued that the
blue-shift observed for the ensemble spectra in the DDM/PVA matrix with respect
to the other two matrices upon cooling, reflects a thermal expansion of the PVA
film.

4.2.2 Results

Ensemble spectroscopy

Figure 4.8: Room-temperature absorption spectra of RC-LH1 complexes from Rps. acidophila
stabilized in DDM micelles in buffer solution (black line) or reconstituted into a DOPC bilayer
(red line). The increase of the absorbance below 500 nm for the reconstituted sample is due
to Rayleigh scattering of the vesicles. The inset shows an expanded view of the BChl a Qy
absorption bands, peaking at 885.5 nm for the detergent stabilized complexes and at 887.5 nm
for the reconstituted complexes. For better comparison the spectra were peak normalized to
the maxima of their Qy absorptions.
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Figure 4.8 shows a comparison of the room-temperature absorption spectra of en-
sembles of RC-LH1 complexes from Rps. acidophila in detergent buffer solution
(DDM, black line) and reconstituted into a lipid bilayer (DOPC, red line). The
main absorption at about 885 nm (B885 band) is due to the Qy transition of the
BChl a molecules, whereas the band at around 600 nm reflects the absorption
from the Qx transition of the BChl a molecules. These bands are clearly separated
from the absorption bands caused by the reaction center (around 800 nm), the
carotenoids (around 500 nm), the Soret band of the BChl a molecules (around
400 nm), and the protein matrix in the near UV spectral region. Upon reconstitu-
tion of the pigment-protein complexes into a lipid bilayer the B885 absorption band
is slightly red-shifted by 2 nm with respect to the same band obtained from com-
plexes that were stabilized in detergent buffer solution, see inset Figure 4.8. This
spectral shift indicates that the reconstitution process was successful [17, 77, 119].

Figure 4.9: Top, room-temperature absorption spectra of ensembles of RC-LH1 complexes
from Rps. acidophila (OD885 = 25 cm−1) embedded in a thin layer of DDM/PVA (blue) or
DDM buffer solution (green). Bottom, low-temperature fluorescence-excitation spectra of RC-
LH1 (OD885 = 1 cm−1) in DDM/PVA (blue), DDM buffer solution (green), or reconstituted
into a DOPC lipid bilayer (red). For clarity, all spectra are peak normalized and correspond
to averages over all polarizations of the incident radiation as well as over 40 adjacent data
points. The excitation intensity was 5 W/cm2.

In Figure 4.9 the thin-film absorption/fluorescence-excitation spectra of RC-LH1
ensembles are compared for three different matrices at two different temperatures.
The top two traces feature the room-temperature B885 absorption band of RC-
LH1 sustained either in a PVA layer or in a film of detergent buffer solution.
The two spectra closely overlap and feature about the same spectral peak position
and linewidth. At low temperatures (1.2 K) fluorescence-excitation spectra were
recorded from thin films that contained RC-LH1 complexes (i) in DDM micelles
in PVA, (ii) in DDM micelles in buffer solution, and (iii) in a DOPC lipid bilayer.
At the bottom of Figure 4.9 the corresponding fluorescence-excitation spectra are
shown for RC-LH1 complexes embedded in the three different environments. All
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details of the spectral features shown in Figures 4.8 and 4.9 are summarized in
Table 4.2.

peak of the absorption∗/ spectral width
T (K) fluorescence-excitation band (nm) (fwhm) (cm−1)

Bulk RC-LH1 Sample (Figure 4.8)

DDM 300 885.5∗ 571
lipid bilayer 300 887.5∗ 562

Thin-film RC-LH1 Sample (Figure 4.9)

DDM/PVA 300 886.5∗ 555
DDM 300 887.0∗ 565

DDM/PVA 1.2 885.5 272
DDM 1.2 889.9 287

lipid bilayer 1.2 891.8 293

Table 4.2: Spectral properties of the main Qy absorption band of bulk/thin-film ensembles
of RC-LH1 complexes from Rps. acidophila as a function of temperature and environment.

For the samples embedded in DDM or DDM/PVA, the width (fwhm) of the B885
absorption band decreases from about 560 cm−1 at room-temperature to about
280 cm−1, upon cooling the samples to low temperatures. Interestingly, the peak
position of the absorption band shifts differently for the two matrices: A red-shift
from 887.0 to 889.9 nm is observed for DDM and a smaller blue-shift from 886.5
to 885.5 nm for DDM/PVA, which is within the resolution of the instrument. For
the RC-LH1 complexes reconstituted into a lipid bilayer a similar temperature de-
pendent reduction of the linewidth is observed as for RC-LH1 in the two other
environments, here from 562 to 293 cm−1, and a red-shift of the peak position from
887.5 nm at room-temperature to 891.8 nm at cryogenic temperatures. Hence, the
slight difference of 2 nm between the spectral peak positions for RC-LH1 in DDM
and reconstituted into a lipid bilayer is conserved when the temperature is lowered.

Figure 4.10 shows the low-temperature fluorescence-emission spectra of the thin-
film ensembles stabilized in the three different environments, together with the
fluorescence-excitation spectra from Figure 4.9. The color code is the same as in
Figure 4.9. The characteristic parameters of the spectra in Figure 4.10, i.e. peak
positions, linewidths and Stokes-shifts, are summarized in Table 4.3.
It can be seen that the widths of all spectra are comparable and amount to about
280 cm−1 (fwhm). Interestingly, a distinctly larger Stokes-shift is observed for
RC-LH1 complexes sustained in the lipid bilayer in comparison to the two other
matrices, which is probably due to excitation energy transfer within a network of
RC-LH1 complexes (vide infra).
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Figure 4.10: Low-temperature (1.2 K) fluorescence-excitation and -emission spectra of en-
sembles of RC-LH1 complexes from Rps. acidophila stabilized in thin films in three different
environments (blue: detergent (DDM) micelles in a PVA matrix; green: detergent (DDM)
micelles in buffer solution; red: lipid (DOPC) bilayer membrane). The fluorescence-excitation
spectra are those from Figure 4.9. For clarity, a gliding average over 20 (40) data points has
been applied for the display of the emission (excitation) spectra and all spectra have been peak
normalized. The excitation intensity for the emission-spectra amounted to 14 kW/cm2.

fl.-excitation peak/nm fl.-emission peak/nm Stokes-shift/cm−1
(fwhm/cm−1) (fwhm/cm−1)

DDM/PVA 885.5 (272) 905.0 (279) 244
DDM 889.9 (287) 909.1 (282) 237
lipid bilayer 891.8 (293) 913.9 (270) 271

Table 4.3: Parameters of the low-temperature (1.2 K) fluorescence-excitation and
fluorescence-emission spectra from ensembles of RC-LH1 complexes from Rps. acidophila em-
bedded in three different thin-film environments.

Single-complex spectroscopy

An example of a fluorescence-excitation measurement for a single RC-LH1 complex
stabilized in detergent buffer solution is shown in Figure 4.11. Figure 4.11b displays
a stack of 87 consecutively recorded spectra, where the polarization of the incident
radiation has been rotated by 6.2◦ after each individual scan. From this pattern
it is obvious that the optical signal strongly fluctuates, with extended periods that
prohibit the recording of any signal from the complex. But also during the bright
periods the signal strength shows strong variations. For some individual scans
the signal level remains sufficiently stable to allow the recording of a fluorescence-
excitation spectrum that features the typical characteristics of a RC-LH1 complex
with an interrupted LH1 aggregate: A broad band is followed by a narrow line on
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Figure 4.11: (a) Sketch of a RC-LH1 complex stabilized inside a detergent micelle (red:
RC; green: LH1; yellow/blue: hydrophobic tail/hydrophilic head group of DDM). (b) Two-
dimensional representation of 87 consecutively recorded fluorescence-excitation spectra from a
RC-LH1 complex from Rps. acidophila stabilized in detergent buffer solution. The horizontal
axis corresponds to wavelength, the vertical axis to the polarization of the incident radiation
and the fluorescence intensity is given by the gray scale, where white denotes high intensity.
Between two successive scans the polarization of the excitation light has been rotated by
6.2◦. (c) Examples of two individual fluorescence-excitation spectra that were recorded for a
mutual phase difference of ∆Φ = 81◦ for the polarization of the excitation light. The dashed
horizontal lines in (b) indicate the positions of these spectra within the stack. Both spectra
have been smoothed by averaging over five adjacent data points. The temperature of the
sample was 1.2 K, and the excitation power was 678 W/cm2.
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its red side ([12] and previous section 4.1), see Figure 4.11c red spectrum. However,
for about half of the individual spectra the signal level is affected significantly by
blinking and/or spectral diffusion, which prevents the recording of a meaningful
spectrum, see Figure 4.11c blue line. Such a behavior was found for the majority of
the RC-LH1 complexes in detergent buffer solution. For this preparation method
it was therefore impossible to obtain detailed information from the fluorescence-
excitation spectra, such as the number of bands, their energetic separation, or the
mutual orientation of the corresponding transition-dipole moments.
The situation is different for RC-LH1 complexes that were reconstituted into a lipid
bilayer. For this preparation method the vast majority of the 83 studied complexes
featured a stable signal level. Typically the fluorescence-excitation spectra of these
complexes featured a few broad bands with widths (fwhm) varying between 100
and 240 cm−1, and at least one narrow absorption line with widths (fwhm) mostly
between 1 and 2 cm−1. As was demonstrated in the preceding section 4.1, the
widths of the narrow lines do not reflect their homogeneous linewidths but are
determined by unresolved spectral diffusion. In a few exceptional cases with very
strong spectral diffusion the widths of these lines increased up to about 7 cm−1.
The recorded fluorescence-excitation spectra could be grouped into the same three
classes as observed in the previous section 4.1, for the RC-LH1 complexes from
Rps. acidophila in DDM micelles in PVA.
Briefly, the spectra assigned to class A (49 of 83 complexes) featured two dominant
broad bands with distinctly different polarizations and a narrow spectral feature at
the low-energy wing, those assigned to class B (4/83) featured (predominantly) a
single linear polarization of the whole spectrum, and finally the complexes grouped
in class C (30/83) featured multiple narrow lines in the spectrum. A typical example
for a fluorescence-excitation measurement from each class is shown in Figure 4.12.
The patterns in Figure 4.12b-d display each a stack of 87 consecutively recorded
spectra in a two-dimensional representation similar to that of Figure 4.11. Between
two successive scans the polarization of the excitation light was rotated by 6.2◦. The
spectra underneath the patterns correspond to averages of three consecutive scans,
and display the spectral features that are characteristic for the class assignment.
The distribution of the complexes across the classes A-C is given in Table 4.4
together with the distribution obtained in the preceding section 4.1, where the RC-
LH1 complexes from Rps. acidophila were immobilized in DDM micelles in a PVA
matrix. In section 4.1, only the class A spectra were attributed to stem from intact
RC-LH1 complexes. The class B spectra were considered as RC-LH1 complexes
that were tilted so far that they were oriented with the plane of the BChl a ring
perpendicular to the substrate, and class C spectra were ascribed to fragments from
broken RC-LH1 complexes that were in the process of dissociation/denaturation
prior to cooling them to low temperatures. Following the reasoning of the previous
section the reconstitution process described in this work leads to a reduction of the
fraction of intact complexes from 82% (DDM/PVA) to 59% (lipid bilayer), whereas
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Figure 4.12: Classes of fluorescence-excitation spectra obtained from different RC-LH1 com-
plexes from Rps. acidophila reconstituted into a lipid bilayer. (a) Sketch of a RC-LH1 complex
reconstituted into a DOPC lipid bilayer. The color code is the same as in Figure 4.11. The
upper panels in (b-d) show stacks of 87 consecutively recorded fluorescence-excitation spec-
tra. Between two individual fluorescence-excitation spectra the polarization of the incident
radiation has been rotated by 6.2◦, and the fluorescence intensity is indicated by the gray
scale. The spectra displayed at the bottom of each panel correspond to the average over 3
adjacent, individual spectra (red/blue) that have been recorded for a distinct polarization of
the excitation (indicated by the dashed colored lines in the top panels). For clarity, all spectra
have been smoothed by averaging over five adjacent data points. The relative phase difference
between the red/blue example spectra is given by ∆Φ, respectively. The sample-temperature
was 1.2 K and the excitation intensity amounted to about 140 W/cm2. For the class A
example the energetic separations between the bands B1 and B2, ∆EB1B2, and between the
bands B2 and B3, ∆EB2B3, are indicated in the figure. The graph on the right-hand side of
panel (b) shows the variation of the fluorescence intensity, that is integrated over the spectral
intervals denoted as B2 and B3 at the top of pattern (b), as a function of the polarization
of the incident radiation. The dots correspond to the experimental data and the black lines
correspond to cos2-type functions fitted to the data.
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the fraction of broken complexes increases from 11.5 to 36%. This indicates that
the reconstitution procedure is probably a rather harsh treatment for the RC-LH1
complexes.

lipid bilayer (present section) DDM/PVA (previous section 4.1)

relative fraction relative fraction
class (number of complexes) (number of complexes)
A 59% (49) 82% (50)
B 5% (4) 6.5% (4)
C 36% (30) 11.5% (7)

Table 4.4: Relative fractions (total numbers) of RC-LH1 complexes from Rps. acidophila
assigned to the three classes A, B, and C in the lipid bilayer and in the DDM/PVA environment.

Accordingly, in the following the focus of the analysis will be on the class A type
spectra from which the spectral separations of the observed bands were extracted
and the mutual orientations of the associated transition-dipole moments. For the
example shown in Figure 4.12b, the energetic separation between the bands B1 and
B2, ∆EB1B2, amounts to 35 cm−1 and between the bands B2 and B3, ∆EB2B3, to
75 cm−1. Integration of the intensity of the bands B2 and B3 over the spectral
regions that are indicated by the bars on top of the spectral diffusion plot, Figure
4.12b, yields the modulation of the signal as a function of the polarization of the
excitation light. The results are shown next to the pattern in Figure 4.12b together
with cos2-type fit functions from which the mutual angle between the respective
transition-dipole moments is obtained as ∆αB2B3 = 77◦. Similarly ∆αB1B2 = 2◦ is
found (data not shown).
Figure 4.13 shows the distributions of the parameters ∆EB1B2, ∆EB2B3, ∆αB1B2

and ∆αB2B3 for all complexes that featured class A spectra. The red entries refer
to the current section, while the gray entries are valid for RC-LH1 in DDM/PVA
and have been taken from the preceding section 4.1. The scale for the phase angles
has been restricted to values between 0 and 90◦ by using ∆αBiBj = |αBi − αBj|,
if the result was less than 90◦, or ∆αBiBj = 180◦ − |αBi − αBj| otherwise. The
number of entries for the histograms differs, because some spectra did not allow
the determination of all parameters. Visual inspection of the histograms reveals
already that the distributions for the two sample environments are very similar.
This is quantified in Table 4.5, which provides the statistical parameters, mean and
standard deviation (sdev), for each histogram. This testifies that, within statistical
accuracy, the results of the current section are equivalent to those obtained on RC-
LH1 complexes embedded in a PVA matrix (section 4.1).
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Figure 4.13: Distributions of the energetic separations between the bands (a) B1 and B2, and
(b) B2 and B3, and of the mutual angles between the transition-dipole moments associated
with (c) B1 and B2, and (d) B2 and B3. The gray bars refer to RC-LH1 complexes from
Rps. acidophila that have been embedded in a DDM/PVA matrix and have been taken from
section 4.1. The red bars refer to the current section. For both cases the number of RC-LH1
complexes that contributed to a histogram is given in the legend.

∆EB1B2 (mean ∆EB2B3 (mean ∆αB1B2 (mean ∆αB2B3 (mean
± sdev)/cm−1 ± sdev)/cm−1 ± sdev)/◦ ± sdev)/◦

lipid bilayer 40± 18 98± 55 9.4± 9.8 71± 11
(this section)
DDM/PVA 33± 17 85± 60 8.5± 7.8 67± 20
(section 4.1)

Table 4.5: Energetic separations ∆EB1B2 (∆EB2B3) of the bands B1 and B2 (B2 and B3)
and mutual angles ∆αB1B2 (∆αB2B3) between the corresponding transition-dipole moments
for the class A RC-LH1 complexes stabilized in a lipid bilayer and in DDM/PVA.

The distribution of the spectral peak position of the narrow band B1 is shown in
Figure 4.14 (red bars) together with the sum of all individual spectra that were
assigned to class A. The histogram is centered at 902 nm (mean) in the red wing
of the sum spectrum and has a width (sdev) of 40 cm−1. For comparison the gray
entries in Figure 4.14 show the corresponding data for the class A type spectra from
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RC-LH1 complexes of Rps. acidophila embedded in DDM/PVA (section 4.1). For
this environment the distribution of the spectral position of the narrow peak (gray
bars) is centered at 892 nm (mean) and features a width (sdev) of 48 cm−1.

Figure 4.14: Distribution of the spectral peak position of the band B1 for RC-LH1 complexes
from Rps. acidophila reconstituted into a lipid bilayer (red bars) or embedded in a DDM/PVA
matrix (gray bars). For comparison, the respective sum spectra of all individual complexes
assigned to class A are shown by the full lines (for DDM/PVA only those 38 complexes were
considered from section 4.1, where a narrow absorption line could be detected). The energetic
separation between the mean of the histogram and the peak of the sum spectrum amounts to
95 cm−1 for the lipid bilayer and to 73 cm−1 for the DDM/PVA matrix.

It is obvious from Figure 4.14 that the narrow spectral feature appears on the
low-energy wing of the sum spectrum for both sample preparation conditions. The
energy displacement between the mean of the histogram and the peak of the sum
spectrum is 95 cm−1 for the lipid bilayer and 73 cm−1 for the DDM/PVA matrix,
respectively. The slightly broader distribution for the B1 spectral peak position
of the RC-LH1 complexes stabilized in detergent micelles inside the PVA matrix,
with respect to those reconstituted into a lipid bilayer, provides a first hint that
the packing of the complexes in the polymer matrix is not as tight as in the lipid
bilayer, giving rise to more conformational freedom (vide infra).
Interestingly, both the values for the widths of the B1 distributions and the energetic
separations with respect to the sum spectra, in both environments, are slightly
smaller than the corresponding values determined in zero-phonon hole (ZPH) action
spectra [120, 121]. This might reflect the different sample preparation conditions
applied: Spatially well-isolated, individual RC-LH1 complexes deposited in thin
films on quartz substrates in the experiments of this work, in contrast to bulk-
ensemble samples stabilized in buffer/glycerol mixtures in [120, 121].
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4.2.3 Discussion

At room-temperature, the ensemble absorption spectra from RC-LH1 complexes
reconstituted into a DOPC lipid bilayer feature a 2 nm red-shift of the B885 band
with respect to the complexes that are stabilized in DDM detergent and dissolved in
buffer solution, see Figure 4.8. This red-shift probably reflects a slight compression
of the RC-LH1 complexes in the lipid bilayer (vide infra) and/or an aggregation
of the complexes as was shown in [17, 119, 122]. The latter is corroborated by the
strong Stokes-shift that is observed for the reconstituted RC-LH1 complexes with
respect to those in the other matrices (Figure 4.10, Table 4.3) and which is a clear
indication for excitation energy transfer towards the lowest energy states within a
network of complexes.
In order to compare the influence of temperature on the peak position of the B885
absorption band of RC-LH1 complexes that are embedded in thin-film samples, two
different setups have been used: Namely, a commercial spectrometer for the room-
temperature experiments, and a home-built single-molecule confocal microscope for
the experiments under cryogenic conditions. Due to the different sensitivities of the
detectors in the two setups a sample with a protein concentration of about 6 µM
(corresponding to OD885 = 25 cm−1) had to be used for the room-temperature
experiment. This is in contrast to the low-temperature work where a protein con-
centration of about 250 nM (OD885 = 1 cm−1) was used. Therefore, first it had to
be verified whether for the high-concentration sample aggregation of the RC-LH1
complexes might play a role [123, 124].
Indeed, a red-shift of 1.5 nm is observed for the B885 band in the thin-film sample
with respect to the monodispersed RC-LH1 complexes in DDM bulk-buffer solu-
tion. This shift is small, yet not negligible, which has to be kept in mind for the
comparison between room-temperature and low-temperature experiments. Never-
theless, the two top traces in Figure 4.9 clearly demonstrate that the addition of
PVA leaves the spectral position and the shape of the B885 absorption band unaf-
fected.
For RC-LH1 complexes embedded in a lipid bilayer or (thin films of) DDM buffer
solution, the peak of the B885 absorption band features a red-shift of 4.3 or 2.9 nm,
respectively, upon cooling the samples to cryogenic temperatures. This is in con-
trast to samples immobilized in DDM/PVA, where a small blue-shift of 1 nm,
which is within the resolution of the spectrometer, is observed. It is well known
that the DOPC bilayer undergoes a phase transition at TC = −17 ◦C [54], from a
two-dimensional liquid crystalline phase above TC to a highly ordered, and densely
packed gel phase below TC [53]. Hence, it is conceivable that the phase transi-
tion leads to a compression of the RC-LH1 complexes that are embedded in the
lipid bilayer. In [125] the authors ascribed the main contribution of the observed
pressure-induced red-shift to pigment-pigment interactions, because it was shown
that a change of the local pressure had only minor influence on the protein binding
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pockets and the conformation of the BChl a molecules in LH1 complexes. A pu-
tative compression of the LH1 complexes by the lipid bilayer results in an increase
of the dispersive interactions that yields a lowering of the BChl a site energies
[126, 127]. At the same time it causes an increase in the excitonic interaction be-
tween the pigments and results in a larger width of the exciton band. Since the
main oscillator strength is associated with the states at the bottom of the exciton
band this yields as well a lowering of the LH1 Qy transition energy. Likewise, for
the samples in DDM buffer an increase of the local pressure may be induced by
crystalline bulk water [118] and similar effects as above may lead to the observed
red-shift of 2.9 nm. In contrast to the other two environments, immobilization of
the RC-LH1 complexes in the DDM/PVA matrix yields no significant spectral shift
of the B885 absorption band upon cooling. This is consistent with the finding that
thin polymer films exhibit a negative thermal expansion coefficient below the glass
transition temperature Tg [128]. For pure PVA Tg amounts to 80 ◦C, and an ex-
pansion rather than a contraction of the polymer film upon cooling is conceivable.
Next the focus will be on the single-complex, low-temperature fluorescence-excita-
tion spectra. The complexes have been embedded in three different environments,
namely in DDM micelles in buffer, in a DOPC lipid bilayer, and in a DDM/PVA
matrix. The data for the latter guest/host configuration have been taken from
the previous section 4.1. The RC-LH1 complexes sustained in DDM micelles in
buffer feature a pronounced blinking of the emitted intensity that prohibits any
quantitative analysis of the spectra (Figure 4.11). This is in clear contrast to the
RC-LH1 complexes embedded in the other two environments, where the majority
of complexes showed stable emission characteristics during the more than one hour
experimental time.
In literature varying explanations for the dark/quenched state of a LH complex
can be found: In a very recent publication authors argue that a state of reduced
fluorescence intensity for a LH complex might be reached by a photoactivated local
conformational change in the LH complex [117]. This conformational change might
increase vibronic coupling or coupling between intramolecular and protein vibra-
tions, such that most of the photoenergy is dissipated non-radiatively. (Here, one
should remember that already without this conformational change the fluorescence
quantum yield of LH complexes is only about 10% [56].) Adapting this explanation
to the experiments in this work, it remains an open question why such conforma-
tional changes should occur more frequently in the DDM/buffer environment as
compared to the other two matrices, in particular, since it is assumed that the
RC-LH1 complexes in the DDM/PVA environment experience increased conforma-
tional freedom, as compared to the complexes in DDM/buffer or the lipid bilayer.
Thus, photoinduced transitions of a RC-LH1 complex to a quenched state, should
be expected most frequently in DDM/PVA, which is definitely not the case.
An alternative explanation for the dark/quenched state of a LH complex is, analo-
gous to semiconductor nanocrystals [129], to assign this state to the ionized state,
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LH+, of the complex [97, 130, 131]. For LH complexes it is assumed that during
excitation of e.g. a LH1 complex, an electron is ejected from one of the B885 chro-
mophores into the matrix. This chromophore then forms a radical cation which acts
as a trap for the excitation energy [97, 130, 131]. According to [129] the ejected
electron will induce a reaction field in the surrounding matrix which stabilizes the
charge against fast recombination with the ionized LH1+ complex. Further, the
authors in [129] define the so called stabilization energy, Est, which needs to be
overcome to regain the electron from the matrix. Est increases with increasing
static dielectric constant ε of the matrix. This then results in higher probabilities
for long off-times for emitters embedded in environments with large dielectric con-
stants. In this work a marked difference is observed in the blinking behavior for the
detergent stabilized RC-LH1 complexes embedded either in a PVA film (section 4.1)
or in a film of buffer solution. It is therefore assumed that in this case not the direct
surrounding (DDM micelle) of the pigment-protein complex is responsible for the
differing behavior, but the matrices in which the detergent stabilized complexes are
embedded. Thus, the three static dielectric constants that need to be compared are
εwater ≈ 80 [132], εPVA ≈ 14 [129] and εlipid bilayer ≈ 4 [133]. From this comparison
a distinctly larger value of ε is discerned for the water environment, possibly indi-
cating that in a water matrix the ejected electron can be most effectively shielded
against the Coulomb potential of the LH1+ complex. This might then explain the
extended off-times for most of the complexes in the detergent-buffer environment
(Figure 4.11), but only very rarely observed for the complexes in the PVA matrix
or in the lipid bilayer.
That water molecules can actually intrude into the hydrophobic regions of detergent
micelles, was demonstrated by Abel et al. [52], who showed in molecular dynamics
simulations of DDM micelles that about 10% of the micelle’s hydrophobic core is
exposed to water (with respect to the total micelle surface). Moreover, the au-
thors in [17] describe how, under high pressure, water intruding into the detergent
micelles, disrupts part of the LH complexes. In contrast to that the equivalent
pressure experiment performed on LH complexes stabilized in a lipid membrane
showed no disruption of the pigment-protein complexes, meaning that the tighter
packing of the lipid membrane avoids water intrusion. For the PVA matrix it is
assumed that most of the water is expelled from the polymer network during the
spin-coating process.
Finally, it should be noted that although the above explanation seems quite plausi-
ble, it is nothing more than an educated guess where, for confirmation, a systematic
investigation of the dependency of the blinking process on the matrix material is
required, taking also the presumable charge-separation in the bacterial RC into
account [131], which was not discussed here for brevity.
For the RC-LH1 complexes reconstituted into a DOPC bilayer the same character-
istic features are found that led to the grouping of the complexes into three distinct
classes, A-C, as observed previously for the complexes immobilized in DDM/PVA
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(section 4.1). Interestingly, the fraction of complexes that were associated with
broken RC-LH1 complexes, i.e. those assigned to class C, increases significantly for
the lipid bilayer environment with respect to the DDM/PVA matrix. Most likely,
this reflects that the dissociation/denaturation of the RC-LH1 complexes is more
pronounced during the reconstitution process. This interpretation is supported by
the following observations. In [123] and in [124], in particular for the detergent
DDM, it was shown that LH complexes tend to aggregate even in a detergent envi-
ronment at high enough protein concentrations, while authors in [17] demonstrated
that aggregated pigment-protein complexes in a detergent environment are more
resilient against pressure induced dissociation than isolated ones. Likewise, for RC-
LH1 complexes from Rsp. rubrum it was found that dissociation becomes more
effective upon increasing the detergent concentration [40, 41], which is equivalent
to a decrease of the protein concentration for the single-complex experiments as in
this work. Therefore, as a rule, the RC-LH1 bulk samples are stored as aliquots
at OD885 = 10 cm−1, corresponding to a detergent-protein-ratio of about 150/1
(c/c), which, according to [17], should lead to aggregated RC-LH1 complexes. As
a matter of fact for the single-complex experiments on reconstituted RC-LH1 com-
plexes the protein concentration in the detergent buffer solution has been lowered
to a detergent-protein-ratio of about (1.1× 107) /1 (c/c), before it is joined with
the vesicle solution. Subsequently, for dialysis, this mixture is kept in a cold room
at 5 ◦C for four days. Given the results of the above references [17, 40, 41] it can
be expected that some of those RC-LH1 complexes that are still in the detergent
environment will tend to dissociate during this time, i.e. before they are incorpo-
rated into the vesicles. This is consistent with the larger fraction of intact RC-LH1
complexes in the DDM/PVA environment, i.e. those assigned to class A, because
these samples are cooled down to cryogenic temperatures immediately after the
dilution process, which reduces the time interval between preparation and observa-
tion tremendously. Yet, it is worth to note that once the RC-LH1 complexes have
been reconstituted into a lipid bilayer the samples can be kept without a loss of
quality in the refrigerator for more than a week, which is impossible for complexes
stabilized in a detergent buffer solution at single-complex concentrations. This tes-
tifies that the stability of the RC-LH1 complexes once reconstituted into the lipid
bilayer is generally higher than in a detergent micelle [19].
A detailed evaluation of the data was performed only for those spectra that were
assigned to class A, which are interpreted to stem from intact RC-LH1 complexes.
These spectra display the general characteristic features that have been found for
monomeric RC-LH1 complexes including a gap, in previous studies [10, 12, 15]. Sig-
natures for an increase of the interaction strength between the BChl a molecules
in RC-LH1 in the lipid bilayer with respect to those embedded in the DDM/PVA
matrix, as have been found in the ensemble spectra, can also be found in the
single-molecule data. For example, the slightly larger mean values for the energy
displacements ∆EB1B2 and ∆EB2B3 in the lipid bilayer as compared to DDM/PVA
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(Table 4.5), indicate a larger splitting between the lowest exciton states, which
presumably results from an increase of the interpigment interactions in the lipid
bilayer. Similarly, in Figure 4.14 the larger spectral separation of 95 cm−1 be-
tween the lowest exciton state and the maximum of the sum spectrum for the
reconstituted complexes with respect to the separation of 73 cm−1 for the RC-LH1
complexes embedded in DDM/PVA, again indicates elevated intermolecular inter-
action strengths between the BChl a molecules within the RC-LH1 complexes that
are reconstituted into the lipid bilayer. Finally, in the lipid bilayer the width of
the band B1 is distributed between 1 and 2 cm−1, whereas the same distribution
covers the range from 3 − 12 cm−1 in the DDM/PVA matrix (section 4.1). From
this observation it can be concluded that structural fluctuations that give rise to
spectral diffusion [103], are more pronounced in the polymer matrix, which might
reflect a larger degree of conformational freedom for the RC-LH1 complexes in this
environment.
In summary, RC-LH1 complexes from Rps. acidophila immobilized in different envi-
ronments have been studied. The ensemble absorption spectra show spectral shifts
as a function of the matrix as well as, as a function of temperature. The latter
effect can be explained consistently with variations of the local pressure that are
induced by the matrix material upon cooling the sample. Application of single-
molecule techniques reveals that the reconstitution process results in a significantly
larger fraction of broken complexes with respect to embedment in a DDM/PVA
film. In single-molecule spectroscopy these complexes can be treated separately
and the intact complexes overall feature the same spectral signatures as their in-
tact counterparts that have been immobilized in DDM/PVA. However, given the
extra effort of reconstitution, the increased fraction of broken complexes, and the
fact that the intact complexes feature the same decisive spectral details as those
prepared in DDM/PVA, it can be concluded that, at least for the experiments con-
ducted at low temperatures, using PVA as a matrix is a good choice. Additionally,
as the polymer matrix seems to provide more conformational freedom to the LH
complexes under cryogenic conditions, as compared to the other two environments,
one might even argue that, from the three investigated environments, at low tem-
peratures, the PVA matrix might represent the best approximation of the natural,
room-temperature conditions of the RC-LH1 complexes (i.e. pigment site energy,
pigment-pigment interaction strength, structural diversity of the LH complexes).
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5 Numerical simulations -
proposal of a Rps. acidophila
LH1 aggregate

5.1 Motivation - Why refining the refined LH1
model of Rps. palustris?

In section 4.1 it has been shown that the spectral properties of the RC-LH1 com-
plexes from Rps. acidophila are very similar to those of the RC-LH1 complexes
from Rps. palustris. Therefore, it was concluded that the refined structural model
presented for the LH1 complex of Rps. palustris in [15] should also apply for the
LH1 complex of Rps. acidophila. However, some of the assumptions made for the
solving palustris model in [15] are rather simplifying, concerning both the coupling
strength between the BChl a molecules and the construction of the pigment aggre-
gate. Therefore, in the following some of the deficits of the simulations in [15] will
be named, which make a refinement of the refined LH1 model from Rps. palustris
necessary in this work.
As a first rather rough simplification in [15] only interactions between neighboring
pigments were taken into account. Furthermore, the parameter for the coupling
strength, V0, in the dipole-dipole interaction term (2.12) was chosen quite small,
such that the resulting values for the interaction strength were only, Vi = 218 cm−1,
for the interaction between pigments of the same dimer unit (intradimer interac-
tion) and, Ve = 126 cm−1, for the interaction between pigments of neighboring
dimer units (interdimer interaction). These figures are significantly smaller than
the mean values of the nearest-neighbor coupling, V (V = Vi+Ve

2
), in LH1 com-

plexes, determined in recent studies [134, 135]. Therein authors deduced the width
of the exciton state manifold, δE, resulting from the strongly coupled array of
BChl a pigments in LH1 complexes, by means of fluorescence-anisotropy excitation
spectra and found δE ≈ 1900 cm−1. Knowing that, in a crude approximation,
δE ≈ 4V [136], this results in a value for the mean nearest-neighbor interaction of
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V ≈ 475 cm−1, which is more than double the coupling strength applied in [15].
As a consequence of the small next-neighbor interactions in the simulations in [15],
an implausibly small value had to be chosen for the average site energy, E0, of
the pigments, E0 = 11, 570 cm−1

∧
= 864.3 nm, for the simulated single-complex

spectra to be in a spectral region comparable to the experiment. There are sev-
eral reasons making this value for E0 unlikely. Firstly, for the LH1 complex of the
bacterial species Rsp. rubrum it was shown that the dissociation of this complex
first leads to dimeric subunits, consisting of a BChl a dimer and two polypeptides,
absorbing at 820 nm. Subsequently monomeric subunits, of one BChl a molecule
non-covalently bound to an apoprotein, are formed, absorbing at 777 nm [41]. This
indicates that, as a consequence of the protein environment the transition energy,
E0, of the BChl a molecules is slightly red-shifted from about 770 nm, for free
BChl a in solution [4], to 777 nm for protein-bound BChl a, and that the addi-
tional red-shift from 777 nm to 820 nm results from pigment-pigment interactions
[137]. Taking the similarities of the structural subunits of the LH1 complexes from
Rsp. rubrum [138] and Rps. palustris and their similar room-temperature ensemble
absorption spectra [32, 138], into account, the site energies of the BChl a pigments
in the LH1 complex from Rps. palustris should also be expected around 777 nm,
which would correspond to E0 = 12, 870 cm−1. However, comparing this figure to
E0 = 11, 570 cm−1, used in [15], a discrepancy of more than 1000 cm−1 can be
discerned.
Another possibility to gain more realistic values for the BChl a site energies, would
be to take the LH2 complex from Rps. acidophila as reference, especially since the
B850 BChl a dimer unit of this complex, served as a basis for the arrangement
of the pigments in the LH1 palustris structural model [15]. In this case, the site
energy for a protein-bound BChl a molecule, could be directly adopted from the
B800 BChl a molecules in a LH2 complex, where, due to the weak coupling between
the pigments, excitations are mainly localized on individual sites. As the transition
energies for the individual pigments in the B800 aggregate of LH2 complexes are
mainly spread around E0 = 12, 500 cm−1

∧
= 800 nm, this could then be another

measure for the pigment site energies in a LH1 complex. Again this number for E0

is by far larger than E0 applied in [15].
Regarding the structural composition, two shortcomings can be identified for the
palustris model in [15]. To begin with, the dimerization of the BChl a pigments
in the LH1 structural model in [15] is based on the placement of the pigments on
two separate ellipses with different circumferences. As a consequence of this con-
struction principle, the mutual orientation and distance between the Qy transition-
dipole moments varies for different dimer units around the ellipse. This can be
well observed in Figure 4, Model C, in [15], especially in the representation with
exaggerated eccentricity. The inhomogeneity of the different dimer units along the
LH1 aggregate is problematic both for the simulations and from a biochemical point
of view. For the simulations, the B850 dimer unit from the LH2 complex of Rps.
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acidophila could only serve as a rough structural guide, with many dimer units of
the model in [15] clearly deviating from this given standard. This then creates a
large set of free parameters for the simulations which cannot be confirmed experi-
mentally. From the biochemical point of view the varying dimer units of the LH1
model in [15] could pose a problem, since observations made by atomic force mi-
croscopy (AFM) [20], led the authors to the conclusion that the building principle
of a LH1 complex bases upon stable dimer subunits, consisting of, amongst others,
two protein-bound BChl a molecules with fixed mutual orientation and distance,
where, on the other hand, each dimer unit experiences a certain degree of conforma-
tional freedom within the overall LH1 complex. The notion of stable LH1 subunits
was additionally corroborated in biochemical studies, where the dissociation of LH1
aggregates first led to dimeric subunits, which were then further decomposed into
monomeric ones [40, 41].

Figure 5.1: Comparison of the arrangement of the BChl a molecules in the LH1 complex
from Rps. palustris, for the x-ray structure as deposited in the protein database ([24], PDB
file: 1PYH; black arrows) and the refined structural model from [15] (red arrows). The small
circles indicate the positions of the central Mg2+ ions of the BChl a molecules and the arrows
indicate the corresponding Qy transition-dipole moments. The scale bar shows approximately
the resolution of the x-ray structure of 4.8 Å.

In Figure 5.1 the BChl a assembly of the LH1 complex from Rps. palustris is shown
for the x-ray structure ([24], PDB file: 1PYH; black arrows) and for the refined
structural model proposed in [15] (red arrows). In the depicted representation the
small circles indicate the positions of the central magnesium ions inside the bacte-
riochlorin macrocycles of the BChl a molecules and the orientation of the BChl a
Qy transition-dipole moments is indicated by the arrows. An accurate inspection
of the superposition of the pigments in the two structures of Figure 5.1, reveals
considerable deviations between them, in particular observable in the lower left
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and top left “corners” of the aggregates. These deviations may not be of any im-
portance, since the positions of the BChl a molecules in the crystal structure of
the RC-LH1 complex from Rps. palustris have a low accuracy (4.8 Å resolution,
[24]). Additionally, numerical simulations in [15] have shown that the LH1 model
in which the distinct arrangement of the BChl a molecules was adopted from the
RC-LH1 palustris crystal structure, failed to reproduce the spectral characteristics
observed in the single-complex fluorescence-excitation spectra. On the other hand,
in the RC-LH1 palustris crystal structure [24] the BChl a molecules were still mod-
eled into the resulting electron density map and one may therefore speculate if the
arrangement of the BChl a molecules as proposed in [24], still has a certain sig-
nificance. In this regard, AFM studies have revealed specific interactions between
the RC and its surrounding LH1 complex, where actually it was shown that the
elliptic conformation is imposed on the LH1 complexes by the asymmetric shape of
the RCs and that the LH1 complexes reassumed a circular conformation, when the
RCs were removed from their center [39, 139]. Thus, it could be that the seemingly
irregular orientation of certain LH1 BChl a pigments in the crystal structure is not
just an artifact of the modeling routine [24], but may be induced by interactions
between the LH1 complex and the RC, although a specific experimental evidence
for this notion is lacking. Another aspect in favor of a particular interplay be-
tween LH1 complex and associated RC, is the unique orientation of the RC with
respect to the LH1 complex, resulting in the UQB binding site in the RC pointing
directly towards the gap within the LH1 aggregate [24]. Thus, despite the specific
arrangement of the pigments in the LH1 complex as proposed in the crystal struc-
ture [24] should not be regarded as the ultimate solution, this structure still is the
most detailed experimental evidence for the positioning of the BChl a molecules
in a LH1 complex with a gap in its overall structure, available so far. Therefore,
for the design of a LH1 model it should still be desirable, to be as similar to the
LH1 palustris crystal structure as possible, with the additional requirement for the
model structure that it should be able to reproduce the spectral features observed
in the single-complex fluorescence-excitation spectra.
For the numerical simulations in the following section 5.2 it was tried to eliminate
some of the simplifications made for the LH1 model in [15], getting a step closer
towards, what is assumed to be the native situation in purple bacteria LH1 com-
plexes. The ultimate goal of the numerical simulations performed in this thesis
was to find a structural model for the assembly of the BChl a molecules in a LH1
complex which satisfactorily reproduces the spectral features found experimentally
in single-complex fluorescence-excitation spectra of the intact RC-LH1 complexes
from Rps. acidophila. Due to the good agreement of the spectral characteristics in
the fluorescence-excitation spectra of the RC-LH1 complexes from Rps. acidophila
and Rps. palustris (section 4.1), a successful model structure for the LH1 complex
of Rps. acidophila would naturally also serve as a model for the LH1 complex from
Rps. palustris, thereby constituting an alternative to the structural model proposed
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in [15].

5.2 Numerical simulations based on various LH1
model structures

In this section the optical properties of various LH1 model aggregates are simulated
and compared to the spectroscopic data recorded for the class A RC-LH1 complexes
from Rps. acidophila. Thereby, it is sought to gain a more profound knowledge
about the specific organization of the BChl a molecules inside the LH1 complex
of this bacterial species. The crystal structure of the RC-LH1 complex from Rps.
palustris [24] serves as structural reference for all LH1 model structures presented
in this work, meaning that all models have a gap in their BChl a assembly and are
comparable to the LH1 complex from Rps. palustris within the 4.8 Å resolution of
the crystal structure. This procedure is still reasonable in view of the new highly
resolved crystal structure of the RC-LH1 complex from T. tepidum [9], as the LH1
complex of this bacterial species was shown to have a completely closed structure.
The single-complex measurements on the RC-LH1 complexes from Rps. acidophila
however (section 4.1), indicate that the LH1 complexes from this species have a
gap in their strongly coupled pigment assembly. Thus, it is justified to take the
interrupted LH1 structure from Rps. palustris [24] as benchmark for a structural
model of the LH1 complex from Rps. acidophila.

5.2.1 Characterization of initial LH1 model structures

In this paragraph three basic LH1 structures will be introduced and the specific
aggregation of their BChl a pigments will be characterized by the nearest-neighbor
interactions being effective between them. To begin with, the first LH1 model
structure (Structure 1) will be described and, by means of this structure, it will
also be explained how more realistic values for the nearest-neighbor interactions are
achieved in the simulation. Thereafter, the two remaining LH1 models, Structure
2 and 3, will be presented.

Structure 1

The basic geometry of Structure 1 is an ellipse (Figure 5.2a). The semi-major axis
a and the semi-minor axis b of the ellipse were calculated as a = r0 · (1 + δ) and
b = r0 · (1− δ), with a radial deformation, δ = 7.3 % and a radius r0 = 43 Å. Then,
in line with the idea of the modular building principle for LH1 complexes [20], 16
dimer units with fixed mutual orientation and distance between the two BChl a
pigments constituting the dimer, were equidistantly (constant segment ds of the
ellipse’s circumference) distributed on the elliptic basic structure. Subsequently,
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Figure 5.2: Arrangement of the BChl a Qy transition-dipole moments and nearest-neighbor
interactions in Structure 1. The arrows in (a) indicate the orientation of the Qy transition-
dipole moments and the dots show the positions of the central Mg2+ ions of the BChl a
molecules in Structure 1. 15 identical dimer units, with their structural parameters adopted
from the LH2 complex of Rps. acidophila (see text), were distributed with equidistant step size
ds on the circumference of an ellipse, with a semi-major axis a = 46.14 Å and a semi-minor
axis b = 39.86 Å. The dimer units are tilted by a constant angle θ = 6.7◦ with respect
to the ellipse, determined between the connection-vector of the two pigments ~RP1P2 and
the local tangent of the ellipse ~tP1 (extended view, on the left). The individual pigments
are numbered consecutively to facilitate the assignment of the nearest-neighbor interactions,
whereby exemplary, Vi indicates the intradimer interaction between pigments 7 and 8 and Ve
indicates the interdimer interaction between pigments 8 and 9, respectively. The scale bar to
the left applies to the enlarged view and the one to the right to the overall structure. (b)
Nearest-neighbor interactions between the pigments in Structure 1. The interaction values
assigned to the respective pigment numbers describe the interaction strength between the
indicated pigment and the next following one in clockwise direction. The value of the intradimer
interaction, Vi, remains constant along the ellipse (Vi = 803 cm−1), whereas the value of the
interdimer interaction, Ve, undergoes a modulation. Marked as red and green dots are the
interaction values highlighted in (a).

one dimer unit was removed from the BChl a assembly to mimic the gap in the
LH1 aggregate. The mutual arrangement of the two BChl a molecules inside the
dimer units of the LH1 model structures was taken to be homologous to the B850
dimer units in LH2 complexes from Rps. acidophila ([35], PDB file: 1NKZ). This
is in line with the recent publication of the high-resolution crystal structure of the
RC-LH1 complex from T. tepidum [9], which revealed that the arrangement of the
BChl a molecules in the dimer units of a LH1 aggregate is very similar to the
arrangement in the dimer units of LH2 complexes. In a rather simple approach
to calculate the interaction strength between the pigments, which is nevertheless
sensitive to changes in the mutual orientation and distance between the pigments,
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a dipole-dipole type function was applied [62]:

Vnm = V0
κnm
r3nm

, (5.1)

where V0 denotes the coupling strength, κnm is the usual orientation factor and rnm
denotes the mutual distance between the pigments n and m. For Structure 1, as
it consists of fixed dimer units, one can generally distinguish between two types of
next-neighbor interactions, V , acting between adjacent pigments in the aggregate:
Vi for the intradimer interaction and Ve for the interdimer interaction (Figure 5.2a).
Seeking to draw a more realistic picture of the processes inside a LH1 complex it
was decided to use values of Vi = 806 cm−1 for the intradimer interaction and
Ve = 377 cm−1 for the interdimer interaction, as a reference point [60, 140]. These
figures are significantly larger than the interaction strengths used in [15]. Yet, the
values for Vi and Ve in [60, 140] were determined based on a fit of the resulting
exciton spectrum to extensive quantum chemistry calculations [66] and therefore,
these values seem to be more reliable than those used in [15]. In order to achieve a
value compatible to Vi = 806 cm−1 for the intradimer interaction, using the dipole-
dipole interaction approach, the coupling strength V0 is the only free parameter in
equation (5.1), as the parameters κnm and rnm are predetermined due to the fixed
mutual orientation and distance between the pigments inside a dimer unit. Setting
V0 to 387, 626 Å3

cm−1, which corresponds to a dipole strength of the Qy transition-
dipole moments of 8.8 D if one assumes an optical density nopt = 1, results in a
value for the intradimer coupling strength, Vi = 803 cm−1, which is very close to
the above value of 806 cm−1. The dipole strength of 8.8 D chosen in this work is
very similar to the 8.3 D applied in [141] to model the processes in a vesicle-scale
PSU, but somewhat larger than the 6.3 D determined in [142] for dimer units of
LH1 complexes.
In contrast to the simulations in [60, 140], in this work the value for the interdimer
interaction Ve was not assumed as fixed, but Ve varied along the ellipse depending
on the mutual distance and orientation of adjacent dimer units. With this type
of modeling the idea from the basic construction principle of LH1 complexes is
included, which proposes stable dimer subunits with a certain degree of structural
freedom within the LH1 complexes [20]. The structural parameter which allows
for the adjustment of Ve, seeking to achieve a value close to the aforementioned
value in [60, 140], is the tilt angle θ of the dimer units with respect to the local
tangents of the ellipse (Figure 5.2a). Choosing θ = 6.7◦ results in a mean value of
Ve = 381 cm−1 (the interaction strength at the gap was omitted in the calculation
of the mean, to make Ve comparable to Vi and to the literature values), which is
again in good agreement with Ve in [60, 140].
For the simulation procedure of this thesis a crucial characteristic for a given LH1
model is the modulation of the nearest-neighbor interaction along the aggregate.
For Structure 1, with the given construction prerequisites, naturally the intradimer
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interaction adopts a fixed value, Vi = 803 cm−1, whereas the interdimer interaction,
Ve, shows a C2 modulation along the ellipse if the decreased interaction at the gap
is neglected (Figure 5.2b). The maxima of the interdimer interaction, Ve, can be
found on the long sides of the ellipse, where the pigments of neighboring dimer
units have the most parallel orientation with respect to the vector connecting them
and contrary, the minima of Ve are located on the short sides of the ellipse.
As a further improvement with respect to the simulations in [15], interactions up
to second neighbors (i.e. m = n+ 2 in equation (5.1)) were included in this thesis.
The mean value for the second-neighbor interactions in Structure 1 was calculated
to W = −92 cm−1, where again, for comparability reasons, the interaction values
at the gap were excluded.
Since the simulation results of Structure 1 failed to reproduce the single-complex
data of the intact RC-LH1 complexes from Rps. acidophila (see next section 5.2.2),
two further LH1 model structures were introduced. In Figure 5.3, for compari-
son, all three LH1 models are shown in a common representation. Additionally
the nearest-neighbor interactions, constituting a characteristic fingerprint of the
respective BChl a assembly, are shown to the right of each structure.
Initially, Structure 1 is redrawn in Figure 5.3a (gray arrows) and compared to the
structural model of the LH1 complex from Rps. palustris as deposited in the protein
database (file: 1PYH [24]; green, transparent arrows). It can be seen that, despite
all the structural prerequisites considered for Structure 1, on the one hand, to di-
minish the number of free parameters in the simulation (stable BChl a dimer units)
and on the other hand, to realize a plausible value for the interdimer interaction Ve
(tilt angle θ of the dimer units), Structure 1 still is within the resolution of 4.8 Å
of the LH1 palustris crystal structure.

Structure 2

For Structure 2 (Figure 5.3b) the positions of the LH1 BChl a pigments were
adopted from the crystal structure of the Rps. palustris RC-LH1 complex [24].
This kind of LH1 model was already applied in the numerical simulations in [15],
where it could not successfully describe the measured single-complex data of RC-
LH1 complexes from Rps. palustris. However, applying a much higher coupling
parameter V0 = 347, 353 Å3

cm−1 corresponding to a dipole strength of the Qy

transition-dipole moments of 8.3 D (an explanation why V0 deviates from the value
used in Structure 1 will follow in section 5.2.2), in this work one resides in a totally
different energy regime as compared to [15]. It is clear that the stronger coupling
between the pigments in Structure 2 as compared to the corresponding LH1 model
in [15], despite the equal structural buildup, will result in differing excitonic prop-
erties, which then again makes Structure 2 a plausible structural model for the
LH1 complex from Rps. acidophila. The irregular arrangement of the BChl a pig-
ments in Structure 2 is best visualized by the variation of the nearest-neighbor

86



5.2 Numerical simulations based on various LH1 model structures

Figure 5.3: Basic LH1 model structures (left) with corresponding nearest-neighbor interac-
tions (right). The representation is equivalent to Figure 5.2. (a) Structure 1 (gray arrows),
same as Figure 5.2. (b) Structure 2 (green arrows): Distribution of the LH1 BChl a pigments
as in the RC-LH1 palustris crystal structure (PDB file: 1PYH [24]), which is underlaid for
illustration. (c) Structure 3 (blue arrows): Distribution of fixed dimer units on a rectangle
with rounded corners. Structures 1 and 3 are underlaid with Structure 2 (green, transparent
arrows), respectively, which served as the benchmark LH1 model in this work.
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dipole-dipole interaction, Vn,n+1 (n denoting the pigment number), along the struc-
ture, with −252 cm−1 ≤ Vn,n+1 ≤ 852 cm−1 (mean: 411 cm−1) (Figure 5.3b, right).
With regard to the interaction-diagram of Structure 2 it also becomes apparent that
a differentiation between an intradimer interaction, Vi, and an interdimer interac-
tion, Ve, is clearly not possible for Structure 2. For the second-neighbor interaction,
Wn,n+2, in Structure 2 a variation between −99 cm−1 ≤ Wn,n+2 ≤ −4 cm−1 (mean:
−58 cm−1) can be observed.

Structure 3

As a third basic LH1 model Structure 3 is introduced (Figure 5.3c). The main
intent in the buildup of Structure 3 was to create a LH1 aggregate which is in
better agreement with the benchmark LH1 structure, Structure 2 (as it represents
the pigment arrangement of the RC-LH1 palustris crystal structure), than Structure
1. Here, especially in the “corners” of Structure 1 (pigment numbers: 5, 6; 11-15 and
25-28) systematic deviations with respect to Structure 2 can be observed (Figure
5.3a). Since the pigment positions of Structure 1 and 2 agree at the vertices of
the ellipse, but the pigments of Structure 1 are shifted inwards with respect those
of Structure 2 for the segments in between the vertices, the impression is gained
that the overall geometric shape of Structure 2 might be better described by a
rectangle with rounded corners. Therefore, exactly this basic geometry was chosen
for Structure 3 (Figure 5.3c). The length of the long half-axis c in the rectangle
of Structure 3 amounts to 45.33 Å and to 39.17 Å for the short half-axis d. The
radius R of the four circles used for rounding the corners amounts to 35.25 Å.
For the placement of the pigment molecules in Structure 3 the identical principle
was applied as for Structure 1, meaning that 15 dimer units, each taken to be
homologous to a B850 BChl a dimer in the LH2 complex from Rps. acidophila [35],
were distributed at equal distance ds on the rounded rectangle and each dimer unit
had a constant tilt angle θ = 6.7◦ with respect to the local tangent of the rounded
rectangle. As a result of the new underlying conformation of Structure 3, the
overall agreement with Structure 2 is now much more pronounced in comparison to
Structure 1 (Figure 5.3a, c). Additionally it might be of importance that Structure
3 is consistent with the basic LH1 building principle of stable dimer subunits which
is definitely not the case for Structure 2.
Since the same coupling strength V0 was used in Structure 3 as in Structure 1, one
receives equivalent values for the intradimer interaction Vi = 803 cm−1 in the two
structures. However, due to the deviant basic geometries, a different modulation
of the interdimer interaction, Ve, can be observed in Structure 3 as compared to
Structure 1 (Figure 5.3a, c, right). For Structure 3 one recognizes constant values
of about 260 cm−1 for Ve, between neighboring dimer units that are both located
on one of the four quadrants in the corners of the rectangle. For neighboring dimer
units, where one or both units are located on a straight line of the circumference
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of the rectangle, Ve increases significantly. The mean value of Ve in Structure 3
amounts to 359 cm−1 and the mean value for the second-neighbor interaction, W ,
amounts to −85 cm−1, where in both cases the values at the gap were omitted for
comparability reasons. It can be seen that, as for Structure 1, the mean value of
Ve in Structure 3, is in reasonable agreement with the expensively computed value
of Ve = 377 cm−1 from [60, 140].
The coordinates of the central Mg2+ ions of the BChl a molecules and the unit
vectors, n̂, of their corresponding Qy transition-dipole moments in the structures
1, 2 and 3 are listed in the Appendix, part A.

5.2.2 Numerical simulations based on the initial LH1 models

In this section first it will be described how, from numerical calculations of the
excitonic properties of the structures 1, 2 and 3, it is possible to generate simulated
data which can be compared to the spectral characteristics of the bands B1-B3 of the
intact RC-LH1 complexes from Rps. acidophila. Subsequently, from the comparison
of the simulated data with the statistical distributions of the spectral properties of
the bands B1-B3, one wanted to find out if one of the three proposed models can
better describe the spectral characteristics of the RC-LH1 complexes and therefore
may provide hints towards the structural buildup of the LH1 complex from Rps.
acidophila. In this regard it should be noted that it is legitimate to compare the low-
temperature spectroscopic data of the RC-LH1 complexes with data from numerical
simulations basing upon LH1 aggregates only, since at cryogenic temperatures, for
RCs which have been cooled down in the dark, electron transfer from the primary
electron acceptor QA to the secondary acceptor QB is blocked [143, 144]. Therefore,
onceQA has been reduced following the first excitation of the special pair, no further
photochemistry and concomitant quenching of the LH1 fluorescence by the RC can
occur, which makes the spectral signature of the low-temperature fluorescence-
excitation spectra from RC-LH1 complexes solely dependent on the structure of
the LH1 complexes.

Simulation of a single-complex spectrum

The spectral characteristics of a LH1 aggregate, are determined by its electronic
structure. In the limit of strong coupling between the pigments in the aggregate,
its electronic structure can be described by the following Hamiltonian in Heitler-
London approximation, in which interactions up to second neighbors have been
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taken into account [13]:

H =
30∑
n=1

E0,n |n〉 〈n| +
30∑
n=1

Vn,n+1 (|n〉 〈n+ 1|+H.c.)

+
30∑
n=1

Wn,n+2 (|n〉 〈n+ 2|+H.c.) , (5.2)

with n = 1, 2, . . . , 30 denoting the pigment number in the respective LH1 complex,
E0,n indicating the individual site energy of pigment n, |n〉 , |n+ 1〉 and |n+ 2〉
corresponding to excitations localized on the pigments n, n+ 1 and n+ 2, respec-
tively and Vn,n+1 and Wn,n+2 denoting the nearest-neighbor and second-neighbor
interactions. Numerical diagonalization of the above Hamiltonian (5.2) leads to
the excitonic eigenenergies Ek and eigenstates |k〉 of the strongly coupled pigment
assembly, with:

|k〉 =
30∑
n=1

an,k |n〉 . (5.3)

Due to the gap in the LH1 aggregates, they can be treated as linear excitonic sys-
tems and therefore, following common practice [59], the exciton states are numbered
consecutively k = 1, 2, . . . , 30. The coefficient an,k indicates the amplitude of the
exciton wavefunction of the kth exciton state at pigment n and thereby denotes the
participation of this pigment in the kth exciton state. The exciton transition-dipole
moments are then given as:

~µ (k) =
30∑
n=1

an,k ~µ (n) , (5.4)

where ~µ (n) denotes the transition-dipole moment of an individual BChl a molecule,
and finally the oscillator strengths of the exciton states can be derived from:

|~µ (k)|2 =

∣∣∣∣∣
30∑
n=1

an,k ~µ (n)

∣∣∣∣∣
2

= µ2
mon

∣∣∣∣∣
30∑
n=1

an,k µ̂ (n)

∣∣∣∣∣
2

, (5.5)

where µmon = |~µ (n)| is the dipole strength and µ̂ (n) the unit vector of an indi-
vidual BChl a molecule. With these expressions at hand it is demonstrated, using
Structure 1 as example, on the one hand, how the structural composition of an
aggregate affects its resulting exciton manifold and on the other hand, how this ex-
citon manifold can then be translated into a single-complex spectrum. In doing so,
this procedure will then also provide one with the means to extract data from sim-
ulated spectra that can be compared with the experimental data. The numerically
calculated excited state manifold and the corresponding single-complex spectra of
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Structure 1 are depicted in Figure 5.4. Thereby, the site energy for all pigments in
Structure 1 was set to E0 = 12, 590 cm−1

∧
= 794.3 nm, where the explicit proce-

dure for the determination of E0 in the various structures will be described further
below.
In part (a) of Figure 5.4 a pictorial representation of the wavefunctions and the
resulting transition-dipole moments for the 3 lowest exciton states of the Structure
1 is shown. Thereby, the length of the small vectors is given by the exciton coef-
ficients an,k in equation (5.4) and the large vector in the middle of the aggregates
represents the exciton transition-dipole moment, ~µ (k), resulting from the summa-
tion of the small vectors, respectively. The position and orientation of the small
vector arrows corresponds to the arrangement of the Qy transition-dipole moments
in Structure 1. All vectors are shown as projections to the xy-plane. According
to the specific modulation of the interdimer interaction, Ve, in Structure 1 (Figure
5.2b) it can be seen that the amplitude of the exciton wavefunction for the k = 1
state is largest in that region of Structure 1, where the interdimer interaction, Ve,
has its maximum, namely on the long side of the ellipse (Figure 5.4a). This is
similar to excitonic systems dominated by static energy disorder, where the lowest
exciton state was found to localize on pigments with significantly lowered site en-
ergies [104, 145]. The k = 2 exciton state of Structure 1 localizes predominantly on
the pigments adjacent to the gap (Figure 5.4a), which is again an area in Structure
1 with large values for the interdimer interaction, and finally the wavefunction of
the k = 3 exciton state has a node on the long side of the ellipse, between two areas
with large amplitudes of the wavefunction.
The representation in Figure 5.4a is instructive for two reasons: Firstly, one can
easily understand how the mutual angles between the different exciton transition-
dipole moments come about. Secondly, it helps in the understanding of the interplay
between the structural buildup of the LH1 complexes and the specific localization
of the exciton wavefunctions, resulting in certain lengths of the exciton transition-
dipole moment vectors, ~µ (k). Subsequently, the oscillator strength, |~µ (k) |2, of the
respective exciton states can be calculated with the help of equation (5.5). The
resulting distribution of the oscillator strength among the lowest exciton states of
Structure 1 is shown in Figure 5.4b. In this representation the x-axis corresponds
to oscillator strength in monomer units and the y-axis represents the energy scale
given as wavelength in nm. The exciton states are shown at the positions of their
eigenenergies Ek on the y-axis, and their oscillator strength is given by the length
of the black bars, respectively. It can be observed that almost the total oscillator
strength, amounting to 30 monomer units in a system comprising 30 pigments as
Structure 1, is shared among the exciton states k = 1, 2, 3 and 5, where the oscilla-
tor strength of the latter is somewhat smaller than that of the three lowest states.
For a determination of the energy splitting between the different spectral bands
comparable to the experiment, the calculated exciton manifold of Structure 1, first
of all needed to be transduced into single-complex absorption spectra (Figure 5.4c).
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Figure 5.4: Illustration of the numerically calculated exciton manifold of Structure 1 and
two single-complex spectra derived from it. (a) Pictorial representation of the amplitudes
of the exciton wavefunctions and the resulting transition-dipole moments of the three lowest
exciton states k = 1, 2, 3 in Structure 1. The small arrows indicate the amplitude of the
exciton wavefunctions at the respective pigment positions and the large arrows in the middle
of the aggregates, indicate the resulting exciton transition-dipole moments. (b) “Exciton
ladder” indicating the energy and the oscillator strength of the exciton states in the low-energy
part of the Structure 1 exciton manifold. The y-axis represents the energy scale given as
wavelength in nm and the oscillator strength of the respective exciton states, given in monomer
units, is represented by the length of the black bars. (c) Single-complex spectra derived from
the numerically calculated Structure 1 exciton manifold. The red spectrum corresponds to
an excitation polarization parallel to the k = 2 exciton transition-dipole moment and for
the blue spectrum the polarization is assumed to be parallel to the k = 3 transition-dipole
moment. In the spectra, the higher exciton states, k > 1, are assigned broad Lorentzian lines
(fwhm = 190 cm−1), while the lowest exciton state, k = 1, is assigned a narrow line B1
(fwhm = 5 cm−1). The oscillator strength of the exciton states is reflected by the area
under the respective Lorentzians. The peak positions of the broad bands are denoted as B2
(red spectrum) and B3 (blue spectrum), respectively. The energy displacement between the
simulated bands B1 and B2 amounts to ∆EB1B2 = 83 cm−1 and to ∆EB2B3 = 53 cm−1

between the bands B2 and B3. The k = 5 exciton state is visible as a shoulder at shorter
wavelength within the B3 band.
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For the linewidth of the higher exciton states, k > 1, in the simulation both the
fast relaxation between these states on the 100 fs time scale [27, 90] and the mean
linewidth determined for the broad bands in the single-complex experiments (sec-
tion 4.1) was considered. As a result, in the simulated single-complex spectra the
higher exciton states, k > 1, were dressed with broad Lorentzian lines with a width
of 190 cm−1 (fwhm). Accordingly, since the fluorescence lifetime of the k = 1
exciton state was found to be in the range of several hundred ps [56, 89] and again
also taking the measurement results of section 4.1 into account, the k = 1 state
was dressed with a narrow line (fwhm = 5 cm−1) in the simulated single-complex
spectra. The oscillator strength of a given exciton state is represented by the area
under the corresponding Lorentzian line.
The two spectra shown in Figure 5.4c simulate two specific polarizations of the
excitation light, once the polarization is parallel to the k = 2 exciton transition-
dipole moment (red spectrum) and once parallel to the k = 3 transition-dipole
moment (blue spectrum). In such a representation the two simulated spectra are
compatible with the red and blue spectra from the experiment, used there for the
determination of the energy splittings ∆EB1B2 and ∆EB2B3 (section 4.1). Yet in
the simulations, since the lowest exciton state is dressed with a narrow line, its
spectral position is unbiased by the broad bands of the higher exciton states and
therefore the energetic position of the B1 band was determined directly from the
transition energy of the k = 1 exciton state. However, the broad bands B2 and B3
in the simulations cannot solely be assigned to the exciton states k = 2 and k = 3,
respectively. On the one hand, if the mutual polarization of their corresponding
transition-dipole moments deviates from 90◦, they will contribute in part to the
spectrum of the other band. On the other hand, higher exciton states (k > 3)
may also contribute to the bands B2 and B3. This becomes apparent in the blue
spectrum of Figure 5.4c, where the k = 5 state appears as a pronounced shoulder
in the high-energy wing of the B3 band. Thus, the spectral positions of B2 and
B3 had to be determined from the simulated single-complex spectra, as maxima
of the red and blue spectrum, respectively (Figure 5.4c). With these presettings
the energetic separations in Figure 5.4c were determined to ∆EB1B2 = 83 cm−1

between the bands B1 and B2 and to ∆EB2B3 = 53 cm−1 between the bands B2
and B3.
The mutual phase angles between the bands B1 and B2 (B2 and B3) in the simu-
lated spectra, were deduced from the mutual orientations of the transition-dipole
moments of the exciton states predominantly contributing to the intensity of these
bands. Thus ∆αB1B2 in the experiment corresponds to the mutual angle ∆αk1k2,
between the k = 1 and k = 2 exciton transition-dipole moments in Structure 1,
and ∆αB2B3 corresponds to ∆αk2k3, denoting the mutual angle between the k = 2
and k = 3 transition-dipole moments. In the experimental spectra it might be that
higher exciton states, k > 3, with a polarization deviating from that of the k = 3
state, additionally contribute to the B3 band. This however would become visible
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by a curvature of the intensity profile of this band in the two dimensional represen-
tation of the experimental protocol. Yet, for the determination of the phase angle
of the B3 band, only the intensity region energetically closest associated to the B2
band was taken into account. Thus, in the simulation it is reasonable to determine
the polarization of the B3 band based only on the orientation of the k = 3 exciton
transition-dipole moment. For Structure 1 the mutual angle between the k = 1 and
k = 2 transition-dipole moments amounts to ∆αk1k2 = 39◦ and the angle between
the k = 2 and k = 3 transition-dipole moments to ∆αk2k3 = 66◦.
Before going on with the presentation of the simulation results from the structures
1, 2 and 3, a general discrepancy between simulation and experiment, already visi-
ble in Figure 5.4, will be briefly discussed. Presumably, due to the excitation of the
B1 band which has an estimated linewidth of 0.02 cm−1 [56, 89], with a multi-mode
laser with a broad spectral bandwidth of ≈ 1 cm−1 and the fast spectral diffusion
of B1, the fluorescence intensity of B1 in the experimental spectra is significantly
lower than indicated by the corresponding oscillator strength of the k = 1 exciton
state in the numerical simulations [91]. The rather simple simulation approach
may additionally contribute to this deviation. Thus, since otherwise the k = 1 ab-
sorption would dominate the simulated single-complex spectra, they are shown on
an interrupted y-axis scale, which is both adapted to the lower absorbances of the
broad bands in the high-energy region of the spectrum and to the high absorbance
of the narrow line on the low-energy end (Figure 5.4c).

Diagonal disorder

In order to compare the statistical data of the spectral characteristics of the bands
B1, B2 and B3 in the single-complex fluorescence-excitation spectra, with the data
from numerical simulations of the structures 1, 2 and 3, at first, a more realistic
scenario for the numerical simulations needs to be created. Static disorder in the
surrounding matrix of the LH complexes induces local variations in the protein
environment of the pigment binding sites, thereby causing shifts of the pigment
site energies [103, 108, 146]. To account for this phenomenon in the simulations,
from now on, the pigment site energies, E0,n, in the Hamiltonian (5.2), were taken
randomly from a Gaussian distribution centered at E0 with a width ∆ = 100 cm−1

(fwhm). Since this variation of the site energies affects only the diagonal elements
of the Hamiltonian, it is also referred to as diagonal disorder. The chosen width,
∆ = 100 cm−1, of the Gaussian distribution, characterizing the degree of the diag-
onal disorder, is in good agreement with ∆ ≈ 125 cm−1, extracted from the width
of the B800 ensemble absorption band of LH2 complexes from Rps. acidophila [11],
where, due to the excitations localized on individual pigments, the variation of the
pigment site energies can be directly monitored. Additionally, small values for the
diagonal disorder in combination with large values for the nearest-neighbor interac-
tions Vi and Ve, are corroborated by [147], where authors found the best accordance
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between experimental results and simulations on LH1 complexes of the purple bac-
terial species Rb. sphaeroides, for values of the mean nearest-neighbor couplings of
Vi = 600 cm−1 and Ve = 370 cm−1, respectively, combined with a comparatively
small value of ∆ ≈ 71 cm−1, for the diagonal disorder.

Comparison of the simulated spectral properties of the structures 1, 2 and
3 with the experimental data

In Figure 5.5 the spectral characteristics of the simulated absorption spectra from
the structures 1, 2 and 3 are compared to the experimental data of the intact
RC-LH1 complexes from Rps. acidophila stabilized in detergent micelles and em-
bedded in a PVA matrix (section 4.1). The simulations in Figure 5.5 were run 1000
times for each structure, where in each run a particular set of site energies for the
pigments in the respective aggregates was randomly generated with the above de-
scribed Gaussian distribution. For each realization of the pigment site energies the
values for the energy displacement, ∆EB1B2 (∆EB2B3), between the bands B1 and
B2 (B2 and B3) and the mutual angle, ∆αk1k2 (∆αk2k3), between the k = 1 and
k = 2 (k = 2 and k = 3) transition-dipole moments were determined as described
in Figure 5.4, and the resulting distributions for the three structure were compared
with the experimental data (Figure 5.5b). The mean site energies, E0, in the simu-
lations, were set to 12, 590 cm−1

∧
= 794.3 nm in Structure 1, 12, 500 cm−1

∧
= 800 nm

in Structure 2 and 12, 680 cm−1
∧
= 788.6 nm in Structure 3. The criterion for the

choice of E0 was to achieve a satisfying overlap of the experimental distribution of
the spectral positions of B1, with the distributions of the energetic positions of the
lowest exciton state, k = 1, in the simulations (see Appendix, part B).
For the structures 1 and 3, with their fixed BChl a dimer units, the coupling con-
stant, V0, in equation (5.1) was chosen such that the desired value for the intradimer
interaction, Vi, was achieved (section 5.2.1). Accordingly, the mean site energies,
E0, of the pigments in these two structures come as a result in order to satisfy the
aforementioned agreement between the spectral positions of B1 in the experiment
and k = 1 in the simulation. Therefore, the values for E0 resembling those of
isolated protein-bound BChl a molecules either in LH1 [41] or in LH2 complexes
[11], are a corroboration for the increased inter-pigment couplings applied in the
simulations of this thesis. Since fixed dimer units are not available in Structure
2, the parametrization was contrary in this case: Initially the site energy of the
pigments was set to the reasonable value of E0 = 12, 500 cm−1 and in a successive
step the coupling constant, V0, was adapted such that the criterion of overlapping
distributions for the B1 band in the experiment and the k = 1 exciton state energy
in the simulation was satisfied.
Part (a) of Figure 5.5 shows the exciton manifold with the calculated oscillator
strength for the 11 lowest exciton states and an example single-complex absorp-
tion spectrum for each of the structures 1, 2 and 3, respectively. In the exciton
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Figure 5.5: Numerical simulations based upon the structures 1, 2 and 3, respectively. (a)
Exciton manifold and example single-complex spectra. (b) Comparison with experimental
data. For details see text.
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manifolds the oscillator strengths of the respective exciton states correspond to the
mean values resulting from 1000 individual realizations of the pigment site energies,
whereas the simulated single-complex spectra are depicted for one particular real-
ization of the pigment site energies in each structure, respectively. Therefore, the
information comprised in the depicted excitonic manifolds can be regarded as more
general for the respective model aggregates, while the single-complex spectra are
predominantly shown for illustrative reasons, and allow only a limited insight into
the spectral characteristics of the given structures for one particular realization of
the pigment site energies. The polarizations of the two spectra were chosen along
the k = 2 (red spectrum) and k = 3 (blue spectrum) transition-dipole moments,
respectively, as described in Figure 5.4 for Structure 1. For each structure the
mutual polarization of the two example spectra is indicated by the red and blue
arrows and specified as ∆αB2B3. The spectral range for the representation of the
simulated single-complex spectra (840 − 905 nm) is compatible to the experimen-
tal range for the acquisition of single-complex fluorescence-excitation spectra from
RC-LH1 complexes embedded in DDM/PVA (836− 899 nm).
With regard to the specific characteristics of the calculated exciton manifold and
the resultant single-complex spectra of Structure 1 in Figure 5.5a, top, it can be
seen that the introduction of diagonal disorder does not change the optical prop-
erties of this aggregate significantly, in comparison to the situation with constant
site energy, E0, for the pigments (Figure 5.4). This is a first hint that for Structure
1 the modulation of the interdimer interaction, Ve, dominates over the diagonal
disorder, ∆, in determining the spectral characteristics of this model aggregate. In
the middle panel of Figure 5.5a it can be seen that the irregular arrangement of
the pigments in Structure 2 results in the higher exciton states, k > 3, gaining
considerable oscillator strength. In the simulated single-complex spectra this is re-
flected by an increased number of bands in the high-energy spectral range. Since
this clearly contradicts the experimental observation, this would already constitute
a reason to discard Structure 2 as model aggregate for the LH1 complex of Rps.
acidophila, no matter if the simulated spectral properties of the bands B1, B2 and
B3 match the experimental ones, or not (see below). For Structure 3, compara-
ble to Structure 1, again the lowest three exciton states, k = 1, 2, 3, receive the
prominent part of the total oscillator strength (Figure 5.5a, bottom). However, the
most striking feature of Structure 3 is the large energy displacement between the
narrow line B1 and the following broad bands B2 and B3 in the depicted example
spectra. This again represents a discrepancy with respect to the measurement re-
sults, making also Structure 3 an improbable candidate for a structural model of
the LH1 complex from Rps. acidophila. Thus, considering the example spectra of
all three model structures, it seems that only Structure 1 displays spectral proper-
ties compatible with the measured single-complex spectra, thereby representing the
most promising model for the pigment arrangement in the LH1 complex of Rps.
acidophila. Nevertheless, for the comparison of the spectral properties of the bands
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B1, B2 and B3 with the corresponding experimental distributions, structures 2 and
3 were also taken into account for the sake of completeness, and in the end this
provided valuable information in the process of finding a structural model which
satisfactorily reproduced the experimental results (see following section 5.2.3).
Figure 5.5b shows the comparison of the spectral characteristics of the class A
complexes embedded in a DDM/PVA matrix (red bars) with the results of the
numerical simulations basing upon the structures 1, 2 and 3 (gray, green and blue
squares, respectively). Overall the comparison reveals that, while the simulated
distributions of the three structures are at least in partial agreement with the ex-
perimental distributions of the spectral properties of the bands B2 and B3, none of
the three structures is able to mimic the spectral characteristics measured for the
bands B1 and B2.
For the energy displacement between the bands B1 and B2, ∆EB1B2, the simulated
distributions have their peak positions at 85, 125 and 225 cm−1 for the structures 1,
2 and 3, respectively. All three distributions clearly deviate from the experimental
histogram which covers much smaller energy values, with a peak at 25 cm−1. For
the mutual orientation between the k = 1 and k = 2 transition-dipole moments,
∆αk1k2, the distributions of the structures 1 and 3 have their peak positions at 37.5
and 32.5◦, respectively. Both distributions are shifted significantly from the ex-
perimental histogram which has its peak around 0◦, with a steep decrease towards
larger values. The distribution of ∆αk1k2 for Structure 2 has a bimodal shape with
peak positions around 0 and 88◦, thus at least partially agreeing with the exper-
imental data. The distributions for the energetic separation between the bands
B2 and B3, ∆EB2B3, for the structures 1 and 3 are very similar, both peaking at
50 cm−1 and displaying a width (fwhm) of about 60 cm−1. With these properties
they coincide only with the low-energy part of the experimental distribution which
is spread over a much wider energy-range (0 − 240 cm−1), and has its maximum
at 70 cm−1. The distribution of ∆EB2B3 for Structure 2 peaks at 10 cm−1 and
decreases rapidly towards larger values, thereby also only partially agreeing with
the experimentally determined data. The distributions for the mutual orientation
of the k = 2 and k = 3 transition-dipole moments, ∆αk2k3, for the structures 1 and
3 have their peak positions at 67.5 and 62.5◦, respectively. Thereby, they display
only a partial concordance with the experimental histogram which has some entries
around 30◦, followed by a steady increase of entries starting from 50◦ to a maximum
around 90◦. The distribution of ∆αk2k3 for Structure 2 shows the same behavior as
the latter part of the experimental histogram.

Interpretation of the simulated data for the structures 1, 2 and 3

In the distributions of the spectral characteristics of Structure 1 in Figure 5.5b it
can be recognized that, owing to the inclusion of diagonal disorder in the simulation,
the “ideal” values of ∆EB1B2 = 83 cm−1, ∆αk1k2 = 39◦, ∆EB2B3 = 53 cm−1 and
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∆αk2k3 = 66◦, determined above with constant site energy, E0, for the pigments,
are now somewhat scattered over a wider range, meaning that, besides the modu-
lation of the interdimer interaction, Ve, the distinct realization of the pigment site
energies is an additional criterion affecting the specific localization patterns of the
exciton states. Thus, for example, the k = 1 exciton state in Structure 1 will still
localize on the long side of the ellipse (Figure 5.4a, left), where Ve is strongest, but
only on those pigments in this localization area which have a lowered site energy
with respect to their neighboring ones [104, 145]. In this way diagonal disorder
influences both the energy of the k = 1 exciton state and its transition-dipole mo-
ment. Since this is also valid for the two higher exciton states k = 2 and k = 3, it is
clear that such processes will lead to a spread of the calculated values for ∆EB1B2,
∆αk1k2, ∆EB2B3 and ∆αk2k3, respectively. However, all four distributions of the
aforementioned values for Structure 1 are still centered at the values calculated for
the case without taking diagonal disorder into account (Figure 5.5b). This shows
that, with the applied simulation parameters, the modulation of the interdimer
interaction, Ve, still plays the decisive role for the determination of the specific lo-
calization areas of the exciton states in Structure 1 and not the diagonal disorder.
As the distributions of the simulated spectral properties for Structure 3 resemble
those of Structure 1, not necessarily with respect to their peak positions, but re-
garding their width and overall shape, a similar dependence for the localization of
the exciton states in this structure is indicated.
In Figure 5.6 the exciton wavefunctions and the resulting transition-dipole moments
of the three lowest states k = 1, 2, 3 are shown for the structures 2 and 3, respec-
tively. Thereby, the two exciton localization patterns in Structure 2 are depicted
for two different realizations of the pigment site energies, whereas diagonal disor-
der was not taken into account in the calculation of the exciton wavefunctions for
Structure 3.
For Structure 2 it can be seen that depending on the specific realization of the
pigment site energies, the k = 2 and k = 3 exciton wavefunctions interchange
their localization areas on the aggregate. This phenomenon can be understood by
recalling that the distribution of ∆EB2B3 for Structure 2 peaks at 10 cm−1 (Fig-
ure 5.5b), thereby indicating a negligible energy difference between the k = 2 and
k = 3 exciton states of Structure 2. Consequently, diagonal disorder plays a deci-
sive role for the localization of these two states in Structure 2. In the majority of
cases, if the site energies of the pigments in the aggregate do not show significant
deviations from the mean value E0, the localization patterns of the exciton states
k = 1, 2, 3 are similar to the left illustration, ∆1, for Structure 2 in Figure 5.6: As
the k = 1 exciton wavefunction, the k = 2 state localizes in the top right corner
of the aggregate, where the nearest-neighbor interaction is strongest in Structure
2 (Figure 5.3), but with a node in the middle of its localization area. The k = 3
exciton wavefunction localizes in the bottom left corner of the aggregate, where the
nearest-neighbor interaction in Structure 2 has its second maximum. However, if by
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Figure 5.6: Pictorial representation of the exciton wavefunctions and the resulting transition-
dipole moments of the three lowest exciton states k = 1, 2, 3 (top down) for the structures
2 and 3, respectively. The display is analogous to Figure 5.4a. The two differing localization
patterns for Structure 2 correspond to two individual realizations of the pigment site energies
∆1 and ∆2, respectively. The Structure 3 exciton wavefunctions were calculated without the
inclusion of diagonal disorder. See text for details.

chance the pigments in the bottom left corner of the structure exhibit significantly
lowered site energies, this will also lower the eigenenergy of the exciton state in this
localization area and, recalling the marginal energy difference between the k = 2
and k = 3 exciton states in Structure 2, this will ultimately result in a smaller
eigenenergy for the exciton state in the bottom left localization area, in comparison
to the energy of the exciton state localizing in the top right corner of the aggregate
with a node in the middle of its wavefunction. As a result, the k = 2 exciton state
will now be attributed to the wavefunction in the bottom left corner of Structure
2 and the k = 3 state is assigned to the wavefunction in the top right corner of the
aggregate (Figure 5.6, Structure 2, ∆2). For the resulting exciton transition-dipole
moments this means that, due to the permanent localization of the k = 1 exciton
state in the top left corner of Structure 2, the k = 1 and k = 2 transition moments
will be mostly parallel to each other, if the k = 2 state localizes in the bottom left
corner of the aggregate (Figure 5.6, Structure 2, ∆2) and mostly perpendicular to
each other for the alternative localization pattern (Figure 5.6, Structure 2, ∆1).
Thus, the interchanging localization areas of the k = 2 and k = 3 exciton wave-
functions in Structure 2 serve both as explanation for the bimodal distribution of
∆αk1k2, and for the comparatively broad distribution of ∆αk2k3 for Structure 2 in
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Figure 5.5b.
On the right-hand side of Figure 5.6, the exciton wavefunctions of the states
k = 1, 2, 3 of Structure 3 are depicted. Thereby, in the calculation of the exci-
tonic wavefunctions diagonal disorder was not taken into account, since, as already
discussed above, the influence of diagonal disorder on the localization of the exciton
states in Structure 3 is limited. For the k = 1 exciton wavefunction in Structure
3 it can be seen that it localizes predominantly in the top part of the aggregate,
where the dimer units are arranged on a straight line, thereby inducing a maximum
of the interdimer interaction, Ve, in this region of the aggregate (Figure 5.3). The
exceptionally large values for Ve in the area of the k = 1 localization for Structure
3 also explain the comparatively large energy gap between the B1 band and the
bands B2 and B3 in Structure 3 (Figure 5.5). The k = 2 exciton wavefunction in
Structure 3 localizes in the lower left corner of the aggregate, where the interdimer
interaction, Ve, has a second maximum for Structure 3 (Figure 5.3). Finally, the
k = 3 exciton wavefunction has a large amplitude on the right part of the aggre-
gate and a smaller amplitude on the pigments in the left part of the aggregate.
Due to the buildup of Structure 3 the amplitudes interfere constructively, such that
the resulting k = 3 transition-dipole moment is larger than the k = 1 and k = 2
transition-dipole moments, which is also reflected in the higher oscillator strength
of the k = 3 exciton state in comparison to the two lower exciton states of Structure
3 (Figure 5.5, Structure 3).
To sum up, the results of this section have demonstrated that none of the initial
structures 1, 2 and 3 is able to reproduce the data acquired on the intact RC-
LH1 complexes from Rps. acidophila stabilized in a DDM/PVA matrix. While for
Structure 1 the simulated single-complex absorption spectrum still showed some
resemblance with the measurement data, this impression could not be maintained
for the simulated distributions of the spectral properties of the bands B1, B2 and
B3. The very reverse case was found for Structure 2: While the simulated single-
complex spectrum was clearly deviating from the experimental spectra, two of the
simulated distributions of the spectral properties (∆αk1k2 and ∆αk2k3) coincided
at least in part with the experimental data. Finally, for Structure 3 neither in the
simulated single-complex spectrum, nor in the simulations of the spectral charac-
teristics of the bands B1, B2 and B3, an accordance with the experimental results
could be identified.

5.2.3 Designing a LH1 model structure that reproduces the
experimental results

In this section it will be described how the arrangement of the pigments in a given
LH1 model structure can be modified in such a way that numerical simulations,
based upon this new structure, will then satisfactorily reproduce the experimental
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distributions of the spectral characteristics of the bands B1, B2 and B3. As initial
LH1 model, for the modifications to be applied on, Structure 3 was chosen. The
reason for this was on the one hand that Structure 3 is more closely related to the
LH1 aggregate gained from the crystal structure of the RC-LH1 complex from Rps.
palustris [24] (Structure 2) than Structure 1 (see section 5.2.1). On the other hand,
consisting of stable dimer units, Structure 3 conforms to the basic construction
principle proposed for LH1 complexes in [20] which is definitely not the case for
Structure 2. Furthermore, to remain consistent with the LH1 building principle,
structural modifications on the initial LH1 model were restricted to the realign-
ment of dimer units as a whole, keeping the mutual distance and orientation of the
pigments inside a dimer unit unchanged.

Figure 5.7: Pictorial representation of the exciton wavefunctions and the resulting transition-
dipole moments of the exciton states k = 1 and k = 2 (top down) of the structures 2 and 3,
respectively. The depicted wavefunctions are those from Figure 5.6, where for Structure 2 the
wavefunctions to the right in Figure 5.6 are shown (∆2).

Thinking about ways how Structure 3 could be modified to match the experimen-
tal histograms, the exciton localization patterns depicted on the right-hand side for
Structure 2 in Figure 5.6 were particularly interesting, since there the desired par-
allel orientation of the k = 1 and k = 2 transition-dipole moments can be observed
that has also been found in the experimental single-complex spectra. For clarity,
the relevant wavefunctions of the exciton states k = 1 and k = 2 of the structures 2
and 3 from Figure 5.6 are redrawn in Figure 5.7. It can be seen that for Structure
3 the localization area of the k = 2 exciton state, though more delocalized, is quite
similar to the localization of the k = 2 state in Structure 2. Thus, taking the
localization pattern of the k = 1 exciton state in Structure 2 as an example, one
possibility to achieve parallel transition-dipole moments for the k = 1 and k = 2
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exciton states in a modified Structure 3 aggregate, would be to rearrange the dimer
units in the top right corner of Structure 3 in such a way that the localization area
of the k = 1 state expands around this corner in the new structure. It is obvious
from Figure 5.7 that the resulting k = 1 transition-dipole moment of such a lo-
calization pattern would then be more or less parallel with respect to the k = 2
transition-dipole moment. Practically, the new localization of the k = 1 exciton
state can be accomplished by a rearrangement of the dimer units located on the top
long axis of Structure 3, such that the interdimer interaction, Ve, decreases in this
region, and a concomitant modification of the dimer units in the top right corner,
such that Ve increases here. A further positive effect entailed by the lowering of
the exceptionally high interdimer interactions, Ve, along the long axis of Structure
3 (Figure 5.3c) would be the resultant increase of the eigenenergy of the k = 1
exciton state, thus reducing the large energy splitting observed before between the
k = 1 and k = 2 exciton states in Structure 3 (Figure 5.5). From a physiological
point of view the outlined structural modifications could be justified by specific
interactions between the RC and the LH1 complex, as already denoted in the mo-
tivation (section 5.1) for the LH1 complex from the Rps. palustris x-ray structure
(Structure 2). Additionally, by adopting the specific exciton localization patterns
from Structure 2 for the pigment rearrangements to be performed in Structure 3,
it is sought to extract that information from the excitonic properties of Structure
2 that might be physiologically relevant.

Modification of Structure 3 - Structure 3’

In Figure 5.8 the modified Structure 3, denoted as Structure 3’ from now on, is
depicted together with a diagram of the corresponding nearest-neighbor interac-
tions between the BChl a Qy transition-dipole moments. In total, the arrangement
of four dimer units in Structure 3’ has been changed with respect to Structure 3
(Figure 5.8a, top). The two dimer units comprising the pigments 7, 8 and 13, 14,
respectively, both remained at their original positions and were each rotated by 2◦

with respect to the local tangents of these dimer units, once away from the tangent
(pigments 7, 8) and once towards the tangent (pigments 13, 14). The protomer
units containing the pigments 9, 10 and 11, 12, respectively, were each shifted by
2 Å along the circumference of the rounded rectangle, where subsequently the align-
ment of the two dimer units in their new positions followed the protocol described
earlier for the structures 1 and 3. Since the dimer units were rearranged as a whole
and as the coupling constant for the dipole-dipole interaction, V0, in equation (5.1),
was adopted from Structure 3, the intradimer interaction, Vi = 803 cm−1, in Struc-
ture 3’ remained equivalent as in the structures 1 and 3 (Figure 5.8b). The effects
of the performed rearrangements in Structure 3’ become apparent by comparison of
the interdimer interaction values, Ve, for the structures 3 and 3’, respectively. Here
the coupling strengths with changed values with respect to Structure 3 are marked
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Figure 5.8: Arrangement of the BChl a pigments and nearest-neighbor interactions, Vn,n+1,
in Structure 3’. The representation is equivalent to Figure 5.2. (a) Top, extended scale:
Four dimer units which are positioned differently in Structure 3’ with respect to Structure 3
(see text for details). The orientation of the respective dimer units in Structure 3 is depicted
in light gray for comparison. Bottom: Complete Structure 3’, with c and d indicating the
long and short half-axis of the basis rectangle adopted from Structure 3. The red figures
indicate those pigments in Structure 3’ for which the interdimer interaction, Ve, has changed
with respect to Structure 3. (b) Nearest-neighbor interactions in Structure 3’, with constant
intradimer interaction, Vi = 803 cm−1, and varying interdimer interaction, Ve. The interdimer
interactions with changed values in Structure 3’ in comparison to Structure 3 are marked in
red, while the respective values for Structure 3 are again shown in light gray. The arrows
denote the change of the interaction strength when replacing Structure 3 by Structure 3’.

in red in Figure 5.8b and the corresponding values of Structure 3 are shown in
light gray. The changes of the interaction strength in Structure 3’ as compared to
Structure 3 can be understood easily from the above-described structural modifica-
tions and the equation (5.1) for the dipole-dipole couplings: Naturally, the coupling
strength Ve between the pigments 8 and 9 (12 and 13) decreases (increases) as the
distance between them increases (decreases). The orientation parameter κnm is
responsible for the remaining changes of Ve, leading to an increase of Ve if, after
their reorientation, the interacting dipoles are more parallel with respect to their
connection-vector (pigments 12, 13 and 14, 15) and to a decrease if the respective
pigments are rotated away from a beforehand more parallel orientation with respect
to their connection-vector (pigments 6, 7; 8, 9 and 10, 11).
Overall, the performed modifications in Structure 3’ have entailed the desired
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change of the modulation of the interdimer interaction, Ve, in Structure 3, namely
the formerly punctually high interaction values found on the long axis of Structure
3, are now compensated by a set of increased interaction values around the top
right corner of Structure 3’. The mean value for the interdimer interaction, Ve, in
Structure 3’ is 333 cm−1 which is slightly smaller than the corresponding value in
Structure 3 (Ve = 359 cm−1), where in both cases the interactions across the gap
were omitted for comparability reasons. For the second-neighbor interaction, W , a
mean value of −86 cm−1 was calculated for Structure 3’ which is almost identical to
the value in Structure 3 (W = −85 cm−1) and again the coupling strengths across
the gap were not considered in the calculations of the mean values.

Numerical simulations based on Structure 3’

Figure 5.9 shows the numerically calculated exciton manifold of Structure 3’ to-
gether with the resulting single-complex absorption spectrum. Furthermore, Figure
5.9 shows a comparison of the simulated with the experimental distributions of the
spectral properties from the bands B1-B3 for Structure 3’ and the intact RC-LH1
complexes from Rps. acidophila.
Part (a) of Figure 5.9 shows a pictorial representation of the exciton wavefunctions
of the lowest three exciton states k = 1, 2, 3 in Structure 3’. Diagonal disorder
was not considered in the calculation, since also in Structure 3’ the modulation of
the interdimer interaction, Ve, dominates over the influence of energetic disorder,
in the determination of the localization sites for the three lowest exciton states.
Regarding the wavefunction distribution of the k = 1 exciton state it can be seen
that the accomplished rearrangements of the four dimer units in Structure 3’ have
lead exactly to the desired delocalization of the k = 1 wavefunction around the top
right corner of Structure 3’. Since the localization area of the k = 2 wavefunction in
Structure 3’ basically remains unchanged with respect to Structure 3, the resulting
transition-dipole moments of the k = 1 and k = 2 exciton states in Structure 3’
are now more or less parallel to each other. For the k = 3 exciton state it can be
observed that the specific amplitude distribution of the wavefunction of this state,
together with the alignment of the pigments in Structure 3’, result in a compara-
tively large k = 3 transition-dipole moment for Structure 3’. This feature is also
reflected in the diagram for the mean oscillator strength of the eleven lowest exciton
states, k = 1− 11, in Structure 3’, resulting from the average over 1000 individual
realizations of the pigment site energies (diagonal disorder, ∆ = 100 cm−1), where
the mean oscillator strength of the k = 3 state significantly sticks out (Figure 5.9b,
top). Furthermore, the diagram of the excitonic manifold shows that the essential
part of the total oscillator strength of Structure 3’ is accumulated in the three low-
est exciton states k = 1, 2, 3.
In Figure 5.9b, bottom two absorption spectra of Structure 3’ are depicted which
were calculated for one particular realization of the pigment site energies. Each
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Figure 5.9: Numerically calculated spectral characteristics of Structure 3’ and comparison
with the corresponding experimental data of the intact RC-LH1 complexes from Rps. aci-
dophila. (a) Pictorial representation of the excitonic wavefunctions and transition-dipole mo-
ments for the lowest three exciton states k = 1, 2, 3 in Structure 3’, calculated without
diagonal disorder. (b) Mean oscillator strength of the exciton states k = 1 − 11 determined
from the average of 1000 individual realizations of the pigment site energies (top) and example
single-complex spectra, calculated for one particular realization of the pigment site energies
(bottom). The red and blue arrows indicate the mutual polarization of the respective spectra.
The representation in (a) and (b) is adopted from the Figures 5.4 and 5.5. (c) Comparison of
the simulated distributions of the spectral properties of the bands B1-B3 for 1000 individual
realizations of the pigment site energies in Structure 3’ (black squares) with the corresponding
experimental data from the intact RC-LH1 complexes of Rps. acidophila (red bars).
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spectrum simulates one particular polarization of the excitation light. Thereby,
the red spectrum corresponds to an excitation polarization parallel to the k = 2
transition-dipole moment and the blue spectrum to a polarization parallel to the
k = 3 transition-dipole moment. For the distinct realization of the pigment site
energies in Structure 3’ for which the two absorption spectra were calculated, the
mutual angle between the k = 2 and k = 3 transition-dipole moments amounted
to ∆αB2B3 = 82.4◦. The value for the mean site energy in Structure 3’ was set
to E0 = 12, 510 cm−1

∧
= 799.4 nm, again obeying the criterion that the simulated

distribution of the k = 1 exciton energies has to coincide with the experimental
distribution of the spectral peak positions of the B1 band (see Appendix, part B).
Thus, similar to the other three structures, the comparatively large value for the
coupling parameter, V0, and the alignment of the pigments in Structure 3’, together
with the aforementioned criterion for the k = 1 exciton state energy, result in a
reasonable value for the mean site energy, E0, of the pigments in Structure 3’, in
the range of the uncoupled B800 BChl a molecules in LH2. From the simulated red
spectrum of Structure 3’ (Figure 5.9b) it already becomes clear that the energetic
separation between the bands B1 and B2 now bears much more resemblance with
the experimental spectra than it was the case for Structure 3.
Figure 5.9c displays the comparison of the distributions from the simulated spectral
characteristics of the bands B1-B3 (black squares) with the experimental distribu-
tions of the corresponding data from the intact RC-LH1 complexes stabilized in a
DDM/PVA environment (red bars). Thereby, the spectral properties were calcu-
lated for 1000 individual realizations of the pigment site energies in Structure 3’,
chosen randomly from a Gaussian distribution centered at E0, and with a width
∆ = 100 cm−1 (fwhm). As already described above, the mutual polarizations be-
tween the bands B1 and B2 (B2 and B3) in the simulations, were chosen equivalent
to the mutual orientations of the k = 1 and k = 2 (k = 2 and k = 3) exciton state
transition-dipole moments, respectively.
For the distributions of the simulated spectral properties for the bands B1 and B2
(exciton states k = 1 and k = 2) of Structure 3’, now a good accordance with the
experimental distributions can be observed. This proves on the one hand that, by
the performed rearrangements on Structure 3, the k = 1 and k = 2 transition-
dipole moments have been parallelized in Structure 3’. On the other hand, due to
the lowering of the average interdimer interaction, Ve, in the localization area of
the k = 1 exciton state in Structure 3’ (Figure 5.8), the eigenenergy of the k = 1
state (B1) has increased that much, that the simulated energetic separations with
respect to the B2 band (predominantly k = 2), are now in good agreement with
the experimental data.
In the comparison of the distributions for the energetic splittings between the bands
B2 and B3, ∆EB2B3, for the experimental spectra and the simulation, a coincidence
of the two maxima at 70 cm−1 can be discerned. However, the experimental his-
togram is distributed over a much wider range of energy-values for, ∆EB2B3, than
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the corresponding distribution resulting from the numerical simulations. This might
be related to minor structural distortions of dimer units in the localization area of
the k = 3 wavefunction for the experimental samples, which were not accounted for
in the simulations. The same effect could partly be responsible for the deviation
between the distribution resulting from the numerical simulations for the mutual
orientation of the k = 2 and k = 3 exciton transition-dipole moments, ∆αk2k3,
and the respective data of the bands B2 and B3 determined in the single-complex
fluorescence-excitation experiments. Here, the simulation produces a distribution
peaking at about 90◦ with a steep decrease for smaller angles, ∆αk2k3, whereas the
experimental histogram shows a distinctly larger spread, starting with first entries
for ∆αB2B3 just above 15◦ and an increasing number of entries for larger values of
∆αB2B3, until at 82.5◦ the maximum of the experimental distribution is reached.
A further phenomenon, certainly contributing to the discrepancy between the dis-
tributions of ∆αk2k3 (∆αB2B3) for simulation and experiment, respectively, is the
non-planar alignment of the RC-LH1 complexes on the substrate, for which clear
evidence has been found in the single-complex experiments, but which was not
taken into account in the simulations. Namely in the experiment, the apparent
angle between two transition-dipole moments actually corresponds to the angle be-
tween the projections of these transition-dipole moments on the substrate plane.
Thus, e.g. two mutually orthogonal transition-dipole moments would only appear
as such, for a complex lying flat on the substrate, but, with increasing out-of-plane
tilt of the complex, the apparent angle between the transition-dipole moments will
decrease, in this way possibly explaining the smaller values in the experimental
distribution of ∆αk2k3 (∆αB2B3), as compared to the distribution resulting from
the numerical simulations.
After having shown that Structure 3’ can reasonably reproduce the measurement
data, in Figure 5.10 the arrangement of the pigments in Structure 3’ is compared
to the arrangement of the LH1 pigments in the x-ray structure of the RC-LH1
complex from Rps. palustris [24]. The two vectors depicted in the center of the
LH1 structures indicate the Qy transition-dipole moments of the RC special pair
BChl a molecules, where their position and orientation with respect to the palustris
LH1 complex was adopted from the PDB, file: 1PYH. The two LH1 aggregates in
Figure 5.10 show a remarkable agreement in the arrangement of their pigments,
naturally within the 4.8 Å resolution of the crystal structure and, furthermore, the
agreement is much more pronounced than between the refined palustris structure
and the x-ray structure shown in Figure 5.1.
The coordinates of the central Mg2+ ions of the BChl a molecules and the unit
vectors, n̂, of their corresponding Qy transition-dipole moments in Structure 3’ are
again listed in the Appendix, part A.
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Figure 5.10: Comparison of the arrangement of the BChl a molecules in the crystal structure
of the RC-LH1 complex from Rps. palustris ([24], PDB file: 1PYH; black arrows) with the
BChl a arrangement in Structure 3’ (red arrows). The small circles indicate the positions
of the central Mg2+ ions in the BChl a molecules and the small vector arrows indicate the
orientation of the BChl a Qy transition-dipole moments. The two vectors in the middle of the
LH1 aggregates indicate the position and orientation of the special pair Qy transition-dipole
moments in the RC, as deposited in the PDB for the palustris RC-LH1 complex. The scale
bar shows approximately the resolution of the x-ray structure of 4.8 Å.

5.3 Conclusion

From the numerical simulations performed in this chapter, first of all, it can be
learned that using significantly increased values for the nearest-neighbor couplings
between the pigments, in comparison to previous simulations on LH1 palustris [15],
results in very plausible values for the pigment site energies, E0, for all proposed
LH1 models in this work. Vice versa, this can be interpreted as a confirmation for
the magnitude of the interaction strength applied here, which then should also be a
good mimicry of the natural situation. However, it was also found that, due to the
change to more realistic simulation parameters with respect to the simulations in
[15] (site energy, coupling strength, inclusion of second-neighbor interactions and
dimeric building principle), both the structures with an equidistant placement of
fixed dimer aggregates onto basic geometric structures (structures 1 and 3) and
Structure 2, with the placement of the BChl a molecules equivalent to the x-ray
structure of the RC-LH1 complex from Rps. palustris [24], fail to reproduce the
experimental data. Thereby, the LH1 models with a regular positioning of BChl a
dimer units on an ellipse and a rectangle with rounded corners, structures 1 and
3, respectively, are superior to Structure 2, in reproducing at least the general fea-
tures of the single-complex spectra, namely a restricted number of spectral bands
(only the lowest exciton states gain considerable oscillator strength), whereas the
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irregular arrangement of the pigments in Structure 2, results in a large number of
broad bands in the high-energy region of the detected spectral range (distribution
of the total oscillator strength over many exciton states), clearly deviating from the
experimental observations. This leads to the conclusion that the pigment arrange-
ment in the LH1 complex of Rps. acidophila must also be rather regular, thereby
accumulating the main part of the total oscillator strength in the lowest exciton
states of the aggregate.
In the search for a structure able to reproduce the experimental distributions of the
spectral characteristics of the intact RC-LH1 complexes from Rps. acidophila, the
excitonic wavefunctions calculated for the various structures were analyzed in more
detail, thereby recognizing that the two lowest exciton states k = 1 and k = 2 each
localize in characteristic areas of the LH1 aggregates, with significantly increased
values for the nearest-neighbor interactions between the pigments. Taking advan-
tage of this knowledge, it was possible to modify a regular LH1 model based on a
rectangle with rounded corners (Structure 3), thereby still obeying the dimeric LH1
building principle [20] by readjusting only complete dimer units, in such a way that
the spectral characteristics of the resulting LH1 aggregate (Structure 3’) showed
a satisfying agreement with the data of the single-complex measurements on the
intact RC-LH1 complexes from Rps. acidophila. At this, it should be noted that
the minimal structural changes performed on Structure 3’ with respect to Struc-
ture 3 (Figure 5.8), have a huge impact on the resultant spectral properties. The
localization patterns of the lowest exciton states in Structure 3’ were motivated by
the localization patterns in Structure 2 which corresponds to the RC-LH1 palus-
tris crystal structure. Thus, with the modifications in Structure 3’ it was sought
to approach the native structure of a LH1 complex, with the described structural
rearrangements possibly induced by specific interactions of the LH1 complex with
the RC. However, comparing the orientation of the k = 1 transition-dipole moment
in Structure 3’ (Figure 5.9a) with the orientation of the special pair Qy transition-
dipole moments (Figure 5.10), it can be seen that the mutual angle between them is
not optimal for an effective energy transfer from the LH1 complex to the RC. Here
a parallel orientation of the interacting dipoles would be ideal. However, given the
remaining structural uncertainties (see below), at this point it would be too early
to start a detailed discussion about possible implications of the specific localization
areas of the exciton states.
Since the spectroscopic data acquired on individual RC-LH1 complexes from Rps.
palustris are very similar to the acidophila data (see section 4.1), Structure 3’ could
very well also serve as a structural model for the LH1 complex from Rps. palustris,
in particular taking the superiority of this model in comparison to the refined LH1
palustris model in [15] into account, on the one hand with respect to the simulation
parameters and on the other hand with respect to the better structural overlap
with the palustris x-ray structure (Figure 5.1 vs. Figure 5.10).
However, it is also clear that, by means of the method described in the previous
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section 5.2.3, various LH1 model structures can be built within the resolution limit
of the LH1 palustris x-ray structure which will as well reproduce the spectral prop-
erties of the intact RC-LH1 complexes from Rps. acidophila. This makes Structure
3’ rather questionable as unique structural model for the LH1 complex of Rps. aci-
dophila. Still, the modifications in Structure 3’ were restricted on the one hand, by
readjusting only complete dimer units and on the other hand, by adopting the ex-
citon localization patterns from Structure 2, thereby seeking to create a LH1 model
closely associated to the native situation. Nevertheless, it remains highly uncertain
if the very specific pigment rearrangements performed on Structure 3 to achieve
Structure 3’ can be taken for granted. Additionally, an alternative, more com-
prehensive interpretation of the spectral properties observed in the single-complex
fluorescence-excitation spectra might be possible. Therein, the effect of the specific
overlap between the excitonic wavefunctions for the exciton relaxation dynamics,
and accordingly, for the observed linewidths is considered. This new interpreta-
tion however, favors Structure 1 over Structure 3’ as structural model for the Rps.
acidophila LH1 complex (see chapter 6), thereby further weakening the status of
Structure 3’ as exclusive solution for the LH1 complex from Rps. acidophila. Fi-
nally, in the recently discovered high-resolution crystal structure of the RC-LH1
complex from T. tepidum [9] the BChl a dimer units seem to be evenly distributed
on an ellipse. Increased interactions between the RC and the LH1 complex which
might lead to a deterioration of the LH1 pigment arrangement were only observed
on the short sides of the ellipse for this structure. This again speaks against the
rearrangements performed in Structure 3’, where however, it also has to be kept in
mind that (in contrast to Structure 3’) the LH1 complex from T. tepidum has a
completely closed LH1 ring. Thus, the alignment of the pigments in a LH1 complex
comprising a gap might differ.
In summary, also given the limitations of the quite simple simulation approach
(Hamiltonian in Heitler-London approximation and dipole-dipole interactions be-
tween the pigments), it is not claimed that in Structure 3’ the one and only struc-
tural model for the LH1 complex from Rps. acidophila has been found, but certainly
Structure 3’ presents a LH1 model aggregate that can clearly compete with, if not
outperform the refined palustris LH1 model described in [15]. However, the more
important result of this chapter is that, in excitonic systems dominated by the
modulation of the nearest-neighbor interaction rather than by diagonal disorder,
the localization areas of the lowest exciton states in the aggregate coincide with the
maxima of the nearest-neighbor interaction. This information could be of general
interest and might be useful, e.g. when considering the influence of the structural
buildup of any LH1 complex on the energy transfer to the RC.
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6 Outlook - alternative
interpretation of the
single-complex spectra?!

In a recent study Kunz et al. recorded low-temperature fluorescence-excitation and
emission spectra of the same individual LH2 complexes from Rps. acidophila and
thereby, were able to identify the lowest exciton state of the strongly coupled B850
pigment assembly [148]. In the excitation spectra this state appeared as a broad
band on the low-energy end of the detected spectral region, displaying a signif-
icantly reduced fluorescence intensity in comparison to the neighboring bands in
the spectra which were shifted to higher energies and were therefore attributed to
the higher exciton states of the B850 aggregate. The criterion for an unambigu-
ous identification of the lowest exciton state was a fluorescence-emission spectrum
emerging directly from the spectral region, where the lowest exciton state was de-
tected in the corresponding fluorescence-excitation spectrum, for an individual LH2
complex (see also [115], Figure 1a therein). After a careful reinspection of the mea-
surement data of the class A RC-LH1 complexes from Rps. acidophila, also in these
spectra a broad, low-intensity band (B0), red-shifted with respect to the B1 band
was discovered. In terms of its spectral characteristics the B0 band is quite similar
to the lowest exciton state found for the LH2 complexes in [148]. Due to its strongly
reduced fluorescence intensity with respect to the accompanying high-energy bands,
the significance of B0 was neglected so far. However, given the results presented in
[148], this view might be reconsidered.
Altogether, a band B0 could be discerned for 28 out of the 38 class A RC-LH1
complexes displaying a narrow line B1 in a DDM/PVA environment and for 42
out of the 49 class A complexes embedded in a lipid bilayer. For the remaining
complexes in each environment the spectra were red-shifted to such an extent that
a potential band B0 would be hidden in the detection window of the band-pass
filters. In Figure 6.1 single-complex fluorescence-excitation spectra are shown for
class A RC-LH1 complexes in each of the two stabilizing environments DDM/PVA
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Figure 6.1: Fluorescence-excitation spectra of two class A complexes displaying a band B0
red-shifted with respect to the B1 band stabilized in a DDM/PVA matrix (left) and in a lipid
bilayer (right), respectively. The top panel, for each complex, shows a stack of 58 consecu-
tively recorded spectra (spectral diffusion plot), where after each scan the polarization of the
excitation laser has been rotated by 6.2◦. The vertical axis corresponds to the polarization of
the incident laser light and the horizontal axis to wavelength. The selected spectral regions
were adapted to the two environments in which the complexes were embedded. The fluores-
cence intensity is coded by the gray scale, white denoting high intensities. The red bars on
top of the panels indicate the spectral intervals for the occurrence of B1 and B0, respectively.
The black spectra in the lower panels correspond to an average over all 58 scans in the top
panels, respectively. The red spectra are averages of three adjacent, individual scans with the
central scans marked by the dashed lines in the top panels, respectively. The positions of the
red spectra within the spectral diffusion plots were chosen such that the spectrally diffusing B0
band lay completely within the detected spectral region. The excitation intensity amounted to
about 250 W/cm2 for the RC-LH1 complex in DDM/PVA and 140 W/cm2 for the RC-LH1
complex in the lipid bilayer.

and lipid bilayer, respectively. For both complexes a low-intensity band B0 can be
observed on the low-energy end of the spectra. In the upper panels 58 consecu-
tively recorded fluorescence-excitation spectra are shown, where after each scan the
polarization of the incident radiation was rotated by 6.2◦. The red bars on top of
the panels denote the spectral intervals for the occurrence of B1 and B0, respec-
tively, where B0 appears as a broad, low-intensity band red-shifted with respect
to B1. In the two-dimensional representation of the recorded spectra, also referred
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to as spectral diffusion plot, it can be well observed that for both complexes B0 is
subjected to spectral diffusion, leading to a partial overlap of B0 with the detection
window of the band-pass filters in some of the spectra. The red spectra displayed
below the spectral diffusion plots are averages of three adjacent, individual scans,
where the positions of the central scans are indicated by the red, dashed lines in
the top panels, respectively. The red scans were selected at positions within the
spectral diffusion plots, where the B0 bands are entirely within the detectable spec-
tral regions. The black spectra in the lower panels correspond to the averages of
all 58 scans depicted in the top panels, respectively. It can be seen that due to
the aforementioned spectral diffusion of B0, its spectral profile almost disappears
in the averaged spectra. For the particular complexes chosen as examples in Figure
6.1, at least temporarily, the B0 band is completely within the detectable spectral
region. However, a B0 band is also discernable for the class A complexes shown
in chapter 4, yet with the constraint that due to red-shifted spectra, only the high
energy shoulder of B0 is visible (see e.g. Figure 4.3a and Figure 4.12b).
The abrupt disappearance of the fluorescence intensity of the B0 band in some of
the spectra of the RC-LH1 complex to the right in Figure 6.1, might represent a
further confirmation that the B0 band indeed represents the fluorescence-emitting,
lowest exciton state for the studied LH1 complexes. In [148] a similar behavior
was observed for the lowest exciton state of a distinct LH2 complex and it was
shown that the fluorescence-emission spectra of this complex featured large spec-
tral “jumps” by as much as 16 nm. It was argued that such “jumps” can lead to a
significant change of the spectral overlap of the emission spectrum from an individ-
ual LH complex with the spectral transmission window of the detection band-pass
filters and that the emission spectrum can even “jump” out of the transmission
window, thus leading to a disappearing fluorescence signal in the corresponding
excitation spectrum.
A further indication that B0 might represent the lowest exciton state of the LH1
aggregates instead of B1, will be demonstrated by means of Figure 6.2. Therein
histograms of the spectral peak positions of the bands B1 (gray bars) and B0 (red
bars) are shown, together with an ensemble spectrum of RC-LH1 complexes sta-
bilized in a DDM/PVA environment. The distributions of the bands B1 and B0
are both located in the red wing of the ensemble spectrum, where the ensemble
spectrum is taken from Figure 4.4 and the B1 distribution was already shown in
Figure 4.14. The distribution of the B0 band is centered at 895.5 nm (mean) and
has a width (sdev) of 27 cm−1. Here, it has to be noted that only 17 of the 28
complexes displaying a B0 band for the DDM/PVA environment were considered
in the histogram, as for the remaining complexes the peak of the B0 band was
hidden in the detection window of the bandpass filters. Consequently, the complete
B0 histogram will be broader and maybe also the peak position will be further
red-shifted. The spectral separation between the peak of the ensemble spectrum
and the mean of the histogram amounts to 75.4 cm−1 for the B1 distribution and
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Figure 6.2: Distributions of the spectral peak positions of the bands B1 and B0, together
with an ensemble fluorescence-excitation spectrum of RC-LH1 complexes from Rps. acidophila
embedded in a DDM/PVA matrix. The energetic separation between the peak of the ensemble
spectrum and the mean of the histogram amounts to 75.4 cm−1 for the B1 distribution and
to 115.4 cm−1 for the B0 distribution, respectively.

to 115.4 cm−1 for the B0 distribution, respectively. The latter value shows a much
better agreement with the corresponding values determined in zero-phonon hole
(ZPH) action spectra, where energy displacements in the range of 130 cm−1 were
found [120, 121]. Thus, the smaller values for the energetic separation of the B1
distribution found in the single-complex measurements as compared to the values
from the zero-phonon hole (ZPH) action spectra, might not be related to the dif-
ferent sample preparation conditions, as reasoned in section 4.2, but, as the values
should describe the energy displacement of the lowest exciton state with respect
to the peak of the ensemble spectrum, to a wrong assignment of the bands in the
single-complex spectra to the exciton states of a LH1 aggregate. According to this
reasoning, B0 rather than B1 should represent the lowest exciton state of a LH1
aggregate in the single-complex spectra.
However, the unambiguous experimental proof uncovering B0 as the lowest exciton
state in RC-LH1 complexes remains missing in this work, since no fluorescence-
emission spectra from single RC-LH1 complexes were recorded. Yet, in the follow-
ing some ideas will be presented, how the spectral characteristics of the RC-LH1
complexes could be interpreted, now with the inclusion of the B0 band.
First of all the question will be asked, if B0 was really assigned to the lowest exciton
state, k = 1, of a LH1 aggregate, instead of B1, then what would be a plausible
explanation for the narrow linewidth of B1? For this, one has to recall the mea-
surement principle for the acquisition of fluorescence-excitation spectra, where the
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fluorescence intensity of the higher exciton states is monitored through their re-
laxation to the lowest exciton state and subsequent fluorescence-emission from this
state [115, 148]. Thus, the fast relaxation (fs timescale) of a higher exciton state
(k > 1) to the lowest exciton state k = 1 in a LH1 complex, will be reflected
by a broad band in the corresponding fluorescence-excitation spectrum, while a
slowly relaxing (ps timescale), higher exciton state will appear as a narrow line
in the excitation spectrum. The relaxation between the exciton states is induced
by exciton-phonon scattering and a crucial parameter, determining the relaxation
rate, is the spatial overlap between the exciton wavefunctions [149–151].
In Figure 6.3 the wavefunctions of the six lowest exciton states, k = 1 − 6, for
Structure 1 are depicted, beginning with the lowest-energy state, k = 1, at the bot-
tom of the figure. Thereby, diagonal disorder was not included in the calculation
of the excitonic eigenstates. In the left part of Figure 6.3 the excitonic wavefunc-
tions are shown in an extended representation, where the parameter, a2n,k, for the
squared wavefunction amplitudes, indicates the participation of pigment n in the
exciton state k, respectively. Interestingly, it can be observed that despite the el-
liptic geometry and the inclusion of only correlated, off-diagonal disorder in the
calculation of the exciton wavefunctions, the localization behavior of the exciton
states in Structure 1, is very similar to that of linear J-aggregates, where only di-
agonal (energetic) disorder was included in the calculation of the exciton states’
wavefunctions [149, 150]: While for the higher exciton states the corresponding
wavefunctions are delocalized over a large part of the aggregate, the lowest exciton
states (k = 1 and k = 2 in Figure 6.3) localize on finite segments of the strongly
coupled pigment assembly, displaying wavefunctions without nodes in their respec-
tive localization area. For illustration, in Figure 6.3, right, the wavefunctions and
resulting transition-dipole moments of the exciton states are also shown in a picto-
rial representation, with Structure 1 as underlying geometry. Thereby, the length
of the small arrows is proportional to the wavefunction amplitude, an,k, of the kth
exciton state on the nth pigment, respectively. The inverse participation ratio,
Ik = 1/

∑30
n=1 (an,k)

4, is a measure for the delocalization length of the wavefunction
of the exciton state k, or equivalently, the approximate number of pigments partic-
ipating in the kth exciton state [151].
The spatial overlap between the wavefunctions of the exciton states k and k′ can
be calculated as Ck,k′ =

∑N
n=1 (an,k)

2 (an,k′)
2, where N denotes the total number of

pigments in the aggregate. Thereby, the overlap between the wavefunctions of the
exciton states k = 1 and k = 2 in Figure 6.3 can be calculated to C1,2 ≈ 0.0018
and to C1,3 ≈ 0.0442 for the states k = 1 and k = 3. C1,2 and C1,3 differ by a factor
of 25. Thus, it would be conceivable that, due to the large overlap between their
wavefunctions, the k = 3 exciton state is subjected to a fast relaxation to the k = 1
state, resulting in a broad band (B3) in the corresponding excitation spectrum. Ac-
cordingly, the nearly vanishing overlap between the wavefunctions associated with
the exciton states k = 2 and k = 1, would result in a comparatively slow relaxation
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Figure 6.3: Wavefunctions of the exciton states k = 1− 6 in Structure 1, calculated without
the inclusion of diagonal disorder. The states are sorted with respect to their eigenenergies,
starting with k = 1 at the bottom. Left: Elongated representation of the wavefunctions.
The participation value a2n,k (y-axis) corresponds to the squared wavefunction amplitude of
the exciton state k on pigment n (x-axis), respectively. Right: Pictorial representation of
the excitonic wavefunctions and the resulting transition-dipole moments (central arrows), with
Structure 1 as underlying geometry. The length of the small arrows is proportional to the
wavefunction amplitude an,k, respectively. “#1” denotes pigment #1 for the representation in
the left panel, and further pigments in the structure are numbered in clockwise direction. Ik
denotes the inverse participation ratio of the kth exciton state (see text).
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of the k = 2 state to k = 1 and thus a narrow line for the band B1 (now associ-
ated with the k = 2 exciton state) in the corresponding excitation spectrum. This
notion is corroborated by a recent work of Novoderezhkin et al. [151], where the
authors calculated relaxation times of up to 20 ps between exciton states localized
on opposite sides of a LH2 complex. Such a relaxation time would translate into a
linewidth of about 0.5 cm−1 for the band associated with the energetically higher
exciton state, which is reasonable agreement with the linewidths observed for the
B1 bands in the excitation spectra (in spite of the remaining uncertainties regarding
the homogeneous linewidth of B1, see section 4.1).
In [149] it was claimed for J-aggregates that at low temperatures the relaxation of
spatially localized exciton states to energetically lower-lying states should be hin-
dered due to the missing overlap between their wavefunctions and therefore these
states will decay radiatively. Taken together with the conclusions from the above
section, for the relaxation of the k = 2 exciton state in a LH1 complex, this would
then result in a competing process between its direct, radiative decay to the elec-
tronic ground state and its non-radiative relaxation to the k = 1 exciton state.
Given the typical time scales for these processes, ≈ 600 ps for the ensemble fluo-
rescence decay of LH1 complexes [56, 89] and ≈ 20 ps for the relaxation between
exciton states localized on opposite sides of a circular LH complex [151], the latter
process should dominate. However, a definite proof for this behavior can again only
be gained by recording fluorescence-excitation and -emission spectra of the same
individual RC-LH1 complexes. It would be very interesting in such measurements,
to observe if the complete fluorescence emission arises from the B0 band, or if part
of the emission also results from the band B1.
With this new explanation for the occurrence of the narrow line B1 the ques-
tion arises, why such a band is almost constantly observed in the low-temperature
fluorescence-excitation spectra of RC-LH1 complexes with an interrupted LH1 ag-
gregate (this thesis and [10, 12]), but only very rarely for RC-LH1 complexes with
a completely closed circular LH1 aggregate [12, 44], or for LH2 complexes [11, 13].
Here, it is conceivable that the symmetry of the investigated, strongly interacting
pigment assemblies might play a crucial role. For systems with a broken symmetry
due to a gap in the pigment assembly, it could be that the resultant exciton localiza-
tion patterns fulfill the prerequisites for a slow relaxation of the k = 2 exciton state
to the k = 1 state (vide supra), which then would be reflected by a narrow line for
the k = 2 state in the corresponding excitation spectra. In contrast, for completely
closed pigment assemblies with circular or elliptical aggregates, also different lo-
calization patterns are to be expected for the lowest exciton states as compared
to the complexes with a broken symmetry. For example, model calculations on
elliptically deformed LH2 aggregates revealed largely overlapping wavefunctions
for the lowest (kcirc = 0) and the second lowest exciton state (kcirc = +1) [14].
According to the above argumentation this would then lead to a fast relaxation of
kcirc = +1 to kcirc = 0, and consequently to a broad band for the kcirc = +1 state in
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the corresponding fluorescence-excitation spectrum. In this regard, it is clear that
disorder can significantly influence the exciton localization patterns. In the model
calculations in [14] diagonal disorder was omitted, whereas in [151], where the room-
temperature case was simulated for LH2, a large value for the diagonal disorder, for
some realizations of the pigment site energies, lead to the above mentioned local-
ization of the exciton wavefunctions of kcirc = +1 and kcirc = 0 on opposite sides of
a circular LH2 complex. Disorder might also be responsible for the rare occasions
when a narrow line is observed in single-complex fluorescence-excitation spectra
of LH complexes with completely closed, circular or elliptical aggregates. Here it
could be that both structural distortions in the pigment aggregates (off-diagonal
disorder) or shifts in the pigment site energies (diagonal disorder) might lead to a
localization of the exciton wavefunctions in question, and thus to a reduction in
their spatial overlap. As a result, the respective higher exciton state can relax only
slowly to the lowest exciton state in the manifold and consequently a narrow line
will occur for this state in the corresponding single-complex spectra. However, the
lack of narrow lines in the majority of the fluorescence-excitation spectra for LH
complexes with closed, circular/elliptical structures, indicates largely delocalized,
overlapping wavefunctions in these aggregates for low-temperature conditions, and
therefore mostly broad bands are visible in these spectra, reflecting the fast relax-
ation of the higher exciton states to the lowest one.
Returning to the RC-LH1 spectra of this work, one might ask how, with the new
interpretation of the spectral bands, in particular assigning the band B1 to the
k = 2 exciton state, the occurrence of the band B2 can be explained, since, ac-
cording to the simulations of chapter 5, the polarization behavior of B2 does not
allow the straightforward attribution of this band to the next higher exciton state
k = 3. Therefore, as B2 always occurs more or less in phase with B1 and is shifted
towards higher energies, one could alternatively interpret B1 as the zero-phonon
line (ZPL) of the transition to the k = 2 exciton state and B2 as its associated
phonon side-band (PSB). A measure for the electron-phonon coupling strength can
be gained by determining the relative intensity of the ZPL with respect to the total
intensity of the transition, CDW = IZPL

IZPL+IPSB
, where CDW is the so called Debye-

Waller factor and IZPL (IPSB) refers to the integrated intensity of the ZPL (PSB),
respectively. Thus a prominent PSB, as observed by comparison of the intensity of
the B2 band with respect to B1 in the fluorescence-excitation spectra of the class A
RC-LH1 complexes, would indicate strong electron-phonon coupling for the tran-
sition to the k = 2 exciton state. So far, with the help of fluorescence-excitation
spectra of individual LH complexes, the electron-phonon coupling strength could
only be determined for the localized excitations in the B800 band of LH2 com-
plexes and the coupling for this kind of excitations was found to be weak [152, 153].
This however, does not have to be contradictory to the aforementioned strong cou-
pling for the k = 2 state in LH1 complexes, since authors in [121] described a
similar effect: While they found large electron-phonon coupling strengths for the

120



fluorescence-emission from the delocalized states in the strongly coupled B850 and
B875 aggregates of LH2 and LH1 complexes, respectively, electron-phonon coupling
was discovered to be weak for the fluorescence-emission from the states localized on
individual BChl a molecules in the Fenna-Matthews-Olson (FMO) complex. Ad-
ditionally, the notion of strong electron-phonon couplings for systems of strongly
interacting BChl a molecules was corroborated by the emission spectra recorded
from individual LH2 complexes [115, 154]. However, it has to be noted that in
all the above mentioned studies [115, 121, 154] the electron-phonon coupling for
strongly interacting pigment assemblies was probed for the relaxed, fluorescence-
emitting states. Due to an intrinsic problem occurring in the measurement princi-
ple of fluorescence-excitation spectra of strongly coupled systems (vide infra), up
to now, it was not possible to probe the electron-phonon coupling strength directly
upon excitation of the higher exciton states (k > 1, for the RC-LH1 complexes of
this work).
In the measurement of fluorescence-excitation spectra of strongly coupled pigment
aggregates, due to the fast relaxation of the higher exciton states to the fluorescence-
emitting, lowest exciton state, potential PSBs of the higher states generally would
be hidden under their broad, overall line shapes. Thus, owing to the comparatively
slow relaxation of the k = 2 exciton state to k = 1, it might be possible for the
first time to separately detect the ZPL and the PSB of a higher exciton state in a
fluorescence-excitation experiment and thereby, to determine the electron-phonon
coupling strength of this state upon its excitation. Here, it should be noted that
the electron-phonon coupling strength determined for the transition to the k = 2
exciton state would then be a specific parameter of this transition. Thereby, an
additional factor which might contribute to an increased electron-phonon coupling
strength of the k = 2 exciton state in comparison to the other states, could be
its delocalization length, where it is common knowledge that the strength of the
electron-phonon coupling grows with decreasing delocalization length for a given
exciton state [104, 155, 156]. In Figure 6.3 it can be observed that the k = 2 exciton
state displays the smallest delocalization length, described by inverse participation
ratio, Ik, and accordingly this should lead to a stronger electron-phonon coupling for
this state, in comparison to the other exciton states. Concluding, the comparability
of the intensity ratios of the bands B1 and B2 in the fluorescence-excitation spectra
of the intact RC-LH1 complexes from Rps. acidophila with the intensity ratios of
the ZPLs and PSBs in the emission spectra of individual LH2 complexes from Rps.
acidophila in [115, 154], could indicate a similar electron-phonon coupling strength
for the absorbing k = 2 exciton state in LH1 and the fluorescence-emitting state
in LH2. This might be related to the comparatively small delocalization length
predicted for the k = 2 exciton state in LH1 which then should be similar to the
delocalization length of the relaxed, fluorescence-emitting state in LH2.
For completeness, it should also be mentioned that with this new interpretation
of B1 and B2, the energy displacement between these bands, ∆EB1B2, would cor-
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respond to the mean phonon energy of the phonon modes accompanying the pure
electronic transition to the k = 2 exciton state. In this respect, it is satisfying to
observe that the distributions of ∆EB1B2 in Figure 4.13a, for RC-LH1 complexes
in two different environments, are in good agreement with the distributions of the
mean phonon energies for the localized excitations in the B800 band of LH2 com-
plexes [153]. Furthermore, the slightly larger values for ∆EB1B2 in the lipid bilayer
environment might be attributed to the higher pressures to which the complexes
are subjected in this environment as compared to the DDM/PVA matrix, going
along with an increase of the mean phonon frequencies [157, 158].
With the new interpretation of the band B1 also the multiple narrow lines in the
fluorescence-excitation spectra of the class C complexes would gain a new mean-
ing. While in chapter 4 these lines were interpreted as the lowest exciton states
of individual pigment aggregates located in close proximity, according to the new
interpretation of the spectral characteristics in fluorescence-excitation spectra, the
blue-shifted narrow lines could also result from localized, higher exciton states in the
same LH1 complex, where the fluorescence-emission from this complex would result
from a broad band energetically located near the transmission window of the band-
pass filters. The latter interpretation seems more probable, since, if the narrow lines
in the middle of the spectral range would really belong to the fluorescence-emitting,
lowest exciton states of separated pigment aggregates, the phonon side-bands in the
emission spectra from these states would have to be quite prominent and extend
into the detection window of the band-pass filters, thus making the recording of
a fluorescence signal possible. By comparison with the fluorescence-excitation and
emission spectra from individual LH2 complexes [115, 148], this does not seem
very likely, but, for confirmation, this again calls for the simultaneous recording of
fluorescence-excitation and emission spectra from individual RC-LH1 complexes.
The class C complex in Figure 4.6 serves as a nice example on which this new inter-
pretation of the spectral features will be briefly demonstrated. Overall, the spectral
characteristics of this complex are very similar to those of a class A complex, how-
ever with the significant difference that the B3 band also displays a narrow feature
on its low-energy wing. Here it is assumed that, presumably due to structural dis-
tortions of the pigment array in the localization area of the k = 3 wavefunction, the
delocalization length of this state decreases, thereby reducing its overlap with the
k = 1 wavefunction. As a result, the relaxation time of k = 3 will increase which
is reflected by the narrow line in the red wing of B3. Interestingly, the narrow line
associated with B3 (fwhm = 16.3 cm−1) is approximately two times broader than
the narrow line visible red-shifted with respect to B2 (fwhm = 7.6 cm−1) for the
same complex, possibly indicating a still faster relaxation of k = 3 in comparison
to k = 2. However, given the discussion on the fast spectral diffusion of the narrow
lines in section 4.1, one should be cautious with a direct conversion of the measured
linewidths into lifetime values. A careful inspection of the spectral diffusion plot of
the class C complex in Figure 4.6 reveals a broad, low-intensity band attached to
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the transmission window of the band-pass filters which, according to the argumen-
tation in this chapter, should correspond to the fluorescence-emitting k = 1 exciton
state of this complex.
Regarding the comparatively long fluorescence lifetime of LH1 complexes (≈ 600 ps
[56, 89]), one might ask why the k = 1 exciton state appears as the broad band
B0 in the fluorescence-excitation spectra, since, given the lifetime, the linewidth of
B0 should be about 0.02 cm−1. In [148] authors argued that the broad linewidth
associated with the lowest exciton state might result from fast spectral diffusion
of this state, thereby smearing out the spectral profile observed for the associated
band in the fluorescence-excitation spectra. Additionally, the linewidth of B0 may
be broadened because of the predicted, comparatively small delocalization length of
the k = 1 state (Figure 6.3). Therefore, increased electron-phonon coupling should
also be expected for this state, giving rise to a pronounced phonon side-band.
With the above said, it is clear that the relatively simple simulation approach used
in chapter 5 could then not account for all spectral features observed for the RC-
LH1 complexes. Thus, e.g. the band B2 which according to the new interpretation
of the spectral characteristics could be ascribed to electron-phonon couplings, would
not appear in those simulations, as such couplings are not included therein (Hamil-
tonian in Heitler-London approximation). Here, it should be noted however, that
also in more elaborated simulation approaches the eigenvalues (exciton energy lev-
els) and the eigenstates (exciton wavefunctions) of the one exciton Hamiltonian are
calculated taking only static energy disorder of the pigment site energies (diagonal
disorder) into account [104, 151, 159]. The coupling of the electronic transitions
to phonon modes (dynamic disorder) then determines the spectral profiles of the
exciton states, defined by parameters like the exciton-phonon coupling strength or
the ultrafast relaxation between the higher exciton states induced by the dynamic
disorder (Redfield relaxation theory) [104, 151, 159]. Thus, if the comparison be-
tween simulation and experimental results is restricted to the energetic separation
between spectral bands, that can be attributed to specific exciton states, and the
mutual orientation between their corresponding transition-dipole moments, these
values are well determinable through the diagonalization of the Hamiltonian (5.2)
in chapter 5. Therefore, it is reasonable to compare the spectral characteristics of
the RC-LH1 complexes from Rps. acidophila, now in the framework of the new in-
terpretation of the bands B1 and B0, with the results of the numerical simulations
for the various LH1 model structures introduced in chapter 5, even if the coupling
to phonon modes is not included in that approach.
This comparison was performed in order to find out if the structural LH1 models
and also the simulation parameters introduced in chapter 5 are still applicable with
the new interpretation of the spectral characteristics for the class A RC-LH1 com-
plexes and if one of the models stands out. Thereby, the focus was on the analysis of
the spectral properties of the bands B0 and B1 in the experiment and respectively,
on the exciton states k = 1 and k = 2 in the simulations. Additionally, Structure
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2 was excluded from the analysis, since on the one hand the simulated spectra for
this structure clearly deviate from the experimental ones, and on the other hand,
for most realizations of the diagonal disorder, Structure 2 does not fulfill the re-
quirement of the k = 1 and k = 2 wavefunctions localizing on opposite sides of the
LH1 aggregate, mandatory for the assignment of B1 to the k = 2 exciton state. All
three remaining structures (1, 3 and 3’) conform to the latter requirement.
When applying the simulations, it should be noted however, that, similar to chapter
5, the oscillator strength of the exciton states k = 1 and k = 2 in the simulations
does not match the experimentally determined fluorescence intensities of the bands
B0 and B1, respectively. For both spectral bands the measured fluorescence in-
tensities are considerably smaller than predicted by the oscillator strength of the
corresponding exciton states in the simulations. The experimental shortcomings
which could lead to this deviation between measured and simulated spectral inten-
sities of the narrow line B1 were already outlined in chapter 5, and since, according
to [148], B0 also results from a narrow line undergoing fast spectral diffusion, the
same reasoning would apply here.

Figure 6.4: Comparison of the distributions of the energy splittings between the bands B0 and
B1 (a, red bars) and the mutual orientations of the associated transition-dipole moments (b,
red bars), with the calculated distributions of the corresponding values for exciton states k = 1
and k = 2 of the structures 1, 3 and 3’ (squares), respectively. The experimental histograms
comprise 17 class A RC-LH1 complexes from Rps. acidophila for the energy splittings between
B0 and B1 (a) and 21 complexes for the mutual phase angles between these bands (b). The
simulated distributions correspond to 1000 individual realizations of the pigment site energies
for each structure, respectively.

In Figure 6.4 the distributions of the mutual energy displacements between the
bands B0 and B1, ∆Ek1k2, and the mutual angles between the corresponding
transition-dipole moments, ∆αk1k2, are compared to the respective data of the
exciton states k = 1 and k = 2 in the numerical simulations of the structures 1, 3
and 3’, respectively. In analogy to chapter 5 only the class A complexes stabilized
in DDM/PVA were considered, as the simulation parameters in chapter 5 were es-
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pecially adjusted to RC-LH1 complexes in this environment. Deviating from the
procedure in chapter 5, here the experimental data for the energetic separations
between B0 and B1, were directly compared to the energy splittings between the
calculated excitonic eigenenergies of the states k = 1 and k = 2, since, due to the
assignment of the narrow line B1 to the k = 2 exciton state, the influence of higher
exciton states on the values determined for the energy splittings can be excluded.
The simulated data for the mutual angles between the transition-dipole moments
associated with the exciton states k = 1 and k = 2 were adopted from chapter
5. The number of entries in both histograms of Figure 6.4 deviates from the total
number of class A spectra displaying a B0 band (28), because the determination of
∆EB0B1 and ∆αB0B1 was not possible in all of these spectra.
For the energetic separations between B0 and B1 the best agreement with the ex-
perimental data is found for Structure 3’ (Figure 6.4a). The distribution of ∆Ek1k2
determined for Structure 1 is shifted to slightly larger energy displacements com-
pared to the maximum of the experimental histogram, while the energy splittings
between the k = 1 and k = 2 exciton states calculated for Structure 3, are by far
larger, than the experimentally determined energetic separations between B0 and
B1. The distribution of the mutual orientations of the transition-dipole moments
associated with the exciton states k = 1 and k = 2, ∆αk1k2, for Structure 1 covers
the range from 25 to 60◦, corresponding to the region where for the experimen-
tal histogram the maximum number of entries can be found. The distribution for
Structure 3 is shifted to slightly smaller angle values in comparison to the Structure
1 distribution, and the simulated distribution for Structure 3’ has its peak position
at about 0◦, showing a steep decrease for larger angles, clearly deviating from the
experimental distribution. Interestingly however, none of the three LH1 model ag-
gregates is able to reproduce the wide spread of mutual phase angles found in the
experimental histogram.
The comparison of the experimental data with the data from the numerical simu-
lations first of all reveals that for none of the three structures a perfect agreement
with both experimental distributions can be achieved. In particular the experimen-
tally observed wide spread of the angle values, ∆αB0B1, which cannot be reproduced
by the numerical simulations (Figure 6.4b), might indicate that the parameter for
the diagonal disorder in the simulations of chapter 5 (∆ = 100 cm−1) was chosen
too small. Additionally, structural heterogeneity (small rearrangements of dimer
units) probably occurring among the studied RC-LH1 complexes from Rps. aci-
dophila [20], but not taken into account in the simulations, would as well broaden
the experimental distribution of ∆αB0B1 with respect to the simulations.
Despite these shortcomings, the comparison of the simulated spectral properties
of the bands B0 and B1 (exciton states k = 1 and k = 2) for all three structures
with the experimental ones reveals that, if the distributions of the energy splittings
and the mutual phase angles are taken together, the calculated distributions of
Structure 1 display the closest agreement with the experimental histograms. This
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6 Outlook - alternative interpretation of the single-complex spectra?!

is interesting from the point of view that Structure 1 bases upon a comparatively
simple construction principle, where 15 BChl a dimer units are equidistantly dis-
tributed on an ellipse comprising a gap. Thus, it might be that the structural
adjustments which needed to be accomplished on Structure 3’ to reproduce the
experimental distributions in chapter 5, are the result of a misinterpretation of the
spectral characteristics of the class A RC-LH1 complexes, instead of providing an
improved insight into the specific arrangement of the BChl a molecules in the LH1
complex of Rps. acidophila.
The remaining deviations between simulation and experiment, still observable for
Structure 1 in Figure 6.4 and, as mentioned above, for the diagonal disorder and the
oscillator strength of the exciton states k = 1 and k = 2, might indicate that the
simulation parameters still need further optimization. This would refer both to the
parameters defining the interpigment coupling and the diagonal disorder, and also
to the arrangement of the pigments in the LH1 complex. For the latter, the recently
found high-resolution crystal structure of the RC-LH1 complex from T. tepidum [9]
might be of great help, yet with one dimer unit removed to mimic the presumable
gap in the LH1 complex from Rps. acidophila. During the optimization process
however, one should pay attention that the key feature for the new interpretation
of the spectral properties, namely the localization of the k = 1 and k = 2 exciton
state wavefunctions on opposite sides of the LH1 aggregate, is still met. That this
is the case for Structure 1 and also the simulated spectral characteristics for the
exciton states k = 1 and k = 2 are quite similar to the experimental results (Figure
6.4), might indicate that Structure 1 and also the chosen simulation parameters (at
least for the interaction strength) are close to the native situation. Furthermore,
this would again be a confirmation of the notion that the modulation of the in-
terdimer interaction is a crucial parameter that necessarily needs to be taken into
consideration for the determination of the localization sites of the exciton states
(see chapter 5).
To sum up, in this chapter it was shown that instead of the narrow line B1, the
lowest exciton state k = 1 in LH1 complexes, might be associated with a broad,
low-intensity band (B0), occurring red-shifted with respect to B1. In future work
this new interpretation of the spectral characteristics could be confirmed experi-
mentally by acquiring fluorescence-excitation and emission spectra from the same
individual RC-LH1 complexes, similar to [148]. In an attempt for an explanation of
the spectral properties in the fluorescence-excitation spectra of the RC-LH1 com-
plexes from Rps. acidophila, now with the new assignment of the spectral bands,
it was suggested that the localization of the k = 2 exciton state on the opposite
side of the LH1 aggregate, with respect to the k = 1 state, might be responsible
for the narrow line B1 which, according to the new interpretation, is assigned to
the k = 2 exciton state. This type of localization for the exciton states k = 1
and k = 2 is permanently observed in three out of the four LH1 model structures
presented in this work. From these three structures, Structure 1, which is based on
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an interrupted ellipse with equidistantly distributed dimer units, best reproduces
the experimental results of the bands B1 and B0. However, in this outlook also the
shortcomings of the simulation approach in chapter 5 have been revealed. On the
one hand, given the experimental proof that the assignment of B0 and B1 to k = 1
and k = 2, respectively, is correct, both the simulation parameters and the pigment
arrangement in Structure 1 could be refined in the future, for a better agreement
with the experimental results. In general, it could be regarded as a rough simplifi-
cation in the numerical simulations of this work, to neglect the specific couplings of
the exciton states to phonon modes [104, 121, 151, 159] and to assign linewidths to
the exciton states basing solely on general results for the exciton relaxation dynam-
ics. In particular, not considering the explicit spatial overlap between the exciton
wavefunctions for their intraband relaxation to the lowest exciton state [149–151],
might have led to a wrong assignment of the experimentally determined spectral
bands to the respective exciton states of a LH1 complex comprising a gap. There-
fore, it would be very interesting in the future, to observe if the application of more
sophisticated simulation approaches, including exciton-phonon couplings, will sat-
isfactorily reproduce the fluorescence-excitation spectra from individual RC-LH1
complexes with an interrupted pigment aggregate.
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7 Summary

The topic of this thesis was the investigation of the specific arrangement of the
bacteriochlorophyll (BChl) a molecules in the light-harvesting 1 (LH1) complex
from Rhodopseudomonas (Rps.) acidophila. In purple bacteria the LH1 complex
forms an interconnected unit with a reaction-center (RC) complex, where the LH1
complex directly surrounds the RC to form the so called RC-LH1 core complex.
As part of a cyclic electron transport pathway in bacterial photosynthesis, reduced
ubiquinone molecules, QBH2, have to leave the RC and pass through the LH1 com-
plex into the membrane space. By now, it is well established that for some purple
bacterial species the LH1 complex has a gap, presumably to facilitate the shuttling
of QBH2, whereas for other species, with a completely closed LH1 ring, channels in
the LH1 aggregate might enable the transfer of QBH2. Before this work, it was not
known to which of these two types of RC-LH1 complexes (interrupted vs. closed
LH1 ring), the RC-LH1 complex from Rps. acidophila belonged, let alone an idea
of the exact arrangement of the BChl a molecules in the LH1 aggregate. In the
following a short summary of the results achieved in this thesis will be presented.

In a first series of experiments the RC-LH1 complex from Rps. acidophila was revis-
ited for single-molecule spectroscopy. Thereby, the pigment-protein complexes were
stabilized in the relatively mild, non-denaturating detergent dodecyl-β-D-maltoside
(DDM), instead of the more deactivating detergent lauryldimethylamine N-oxide
(LDAO) which was used in a previous study. In total, low-temperature (1.2 K)
fluorescence-excitation spectra have been recorded from 61 individual RC-LH1 com-
plexes stabilized in DDM, in comparison to only 24 complexes measured in the pre-
cursor study. According to their spectral characteristics, the complexes were either
considered as intact or broken. The fraction of broken (dissociated) RC-LH1 com-
plexes could be reduced significantly by using DDM instead of LDAO as detergent,
namely from 37.5% in the precursor work to 11.5% in this thesis. Due to the en-
hanced quality of the stock solution, it was possible to perform polarization-resolved
fluorescence-excitation spectroscopy, and to determine the distributions of the spec-
tral properties for the intact RC-LH1 complexes with an improved statistics. Both
these distributions and characteristic spectral features, such as a narrow line oc-
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7 Summary

curring on the red end of the spectra for most of the complexes, show a remarkable
resemblance with the data obtained on RC-LH1 complexes from Rps. palustris in
an earlier study. For the Rps. palustris RC-LH1 complex a low-resolution crys-
tal structure is available. Hence, taking also the aforementioned similarity of the
spectral characteristics into account, it is concluded that the LH1 complexes from
Rps. acidophila and Rps. palustris can be described by the same structural model,
namely an elliptical arrangement of BChl a molecules interrupted by a gap. Thus,
by successfully applying low-temperature single-molecule spectroscopy as a tool for
structural investigation, it was revealed for the first time that the RC-LH1 complex
from Rps. acidophila rather belongs to the RC-LH1 complexes with an interrupted
LH1 aggregate, than to those with a completely closed LH1 ring.

In a second experimental series the influence of the environment on the spectra
of the RC-LH1 complexes from Rps. acidophila was investigated. Thereby, the
complexes were stabilized in detergent (DDM) buffer solution and reconstituted
into a phospholipid bilayer, and the results were compared with the outcome of
the first experimental series (vide supra), conducted on DDM stabilized RC-LH1
immobilized in a polyvinyl alcohol (PVA) matrix (DDM/PVA). The aim of these
experiments was to test whether the immobilization of the RC-LH1 complexes in
PVA might lead to a deformation of the LH1 structure, thereby limiting the signif-
icance of the results obtained from optical spectroscopy.
In ensemble absorption and fluorescence-excitation spectra, spectral shifts were ob-
served both as a function of the matrix as well as, as a function of temperature.
Regarding the latter, varying spectral shifts were observed in the three environ-
ments upon cooling the sample. This could be explained consistently with an
increase of the local pressure exerted on the complexes in the lipid bilayer and the
DDM buffer solution, whereas for DDM/PVA a decrease of the local pressure is
conceivable, since, due to a negative thermal expansion coefficient for thin polymer
films below the glass transition temperature, an expansion rather than a contrac-
tion of the PVA-film is expected upon temperature reduction. In low-temperature
single-molecule measurements it was found that the complexes dissolved in DDM
buffer solution, without stabilization in a PVA matrix, are subjected to fast spec-
tral dynamics preventing the extraction of meaningful data from single-molecule
spectroscopy. Furthermore, for the complexes reconstituted into a lipid bilayer it
was revealed that the reconstitution process results in a significantly larger fraction
of broken complexes with respect to the preparation of the complexes in a PVA
film. However, it was also found that for the intact complexes the statistics of the
key spectral features, such as the spectral separation of the bands and the mutual
orientation of their transition-dipole moments, show no difference as a function of
using either a lipid bilayer or PVA as a matrix. Given the additional effort involved
in the reconstitution process, the lower amount of intact RC-LH1 complexes, and,
concerning the decisive spectral details, the identical results with respect to embed-
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ding the complexes in a PVA matrix, led to the conclusion that the immobilization
of these pigment-protein complexes in a PVA matrix is a good choice for conducting
low-temperature experiments on individual light-harvesting complexes.

Next, the statistical distributions of the spectral features from the intact RC-LH1
complexes were compared with the corresponding data from numerical simulations
of various LH1 model structures. Thereby, it was sought to learn more about the
specific arrangement of the BChl a molecules in the LH1 complex from Rps. aci-
dophila. All proposed LH1 model structures were within the resolution limit of the
Rps. palustris RC-LH1 crystal structure and consequently all models had a gap in
their BChl a arrangement. In comparison to an earlier simulation study on the
RC-LH1 complex from Rps. palustris, more realistic simulation parameters were
applied in this thesis, both with respect to the structural buildup of the LH1 mod-
els and regarding the coupling strength between the pigments.
Initially three different LH1 model structures were tested. In two of these models
fixed BChl a dimer units were placed equidistantly on an ellipse or a rectangle
with rounded corners, whereas in the third model the placement of the BChl a
molecules was equivalent to the irregular arrangement of the pigments in the Rps.
palustris crystal structure. As a first result of the significantly increased interaction
strengths in the simulations of this work, the site energy of the pigments in all pro-
posed LH1 models adopts plausible values. However, it was also found that none
of the three initial structures is able to reproduce the experimental distributions
of the spectral features of the RC-LH1 complexes from Rps. acidophila. A careful
analysis of the localization patterns of the LH1 exciton states revealed that the
two lowest exciton states, k = 1 and k = 2, each localize in characteristic areas of
the LH1 aggregates, where the values for the nearest-neighbor interactions between
the pigments are significantly increased. With this knowledge it was possible, by
slightly rearranging only four dimer units in one of the regular LH1 models (rect-
angle with rounded corners), to create a new LH1 model whose spectral properties
are in satisfying agreement with the experimental single-molecule data. The struc-
tural modifications were inspired by the RC-LH1 palustris crystal structure and it
could be argued that they are due to specific interactions between the RC and the
LH1 complex. The final LH1 model clearly outperforms the refined Rps. palustris
LH1 model introduced in an earlier study, since for the present model both more
realistic simulation parameters were applied and it shows a much better structural
overlap with the Rps. palustris RC-LH1 crystal structure.
However, it has to be noted that in the only high-resolution crystal structure avail-
able for a RC-LH1 complex so far, no evidence can be found for the specific modi-
fications performed on the regular LH1 structure. Additionally, it should be clear
that similar structural modifications, as the one described above, can also lead to a
LH1 model within the resolution of the palustris x-ray structure, being able to re-
produce the experimental spectra. Therefore, it will not be claimed that in the final
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LH1 model the ‘one and only’ structural solution for the LH1 complex from Rps.
acidophila has been found, but it was shown how, in the limits of a rather simple
simulation approach (Heitler-London approximation and dipole-dipole interaction
between the pigments), a LH1 model with a regular placement of the pigments can
be modified, to achieve a satisfying reproduction of the experimental distributions
of the spectral features. Consequently, the more important result of this part is,
that in excitonic systems which are dominated by the modulation of the nearest-
neighbor interaction rather than by the diagonal disorder, the two lowest exciton
states localize in specific areas of the LH1 aggregates, coinciding with the maxima
of the nearest-neighbor interaction. This finding might be of general interest for
any strongly coupled pigment array.

Finally, triggered by a recent work on LH2 complexes from Rps. acidophila, a care-
ful reinspection of the spectra from the individual RC-LH1 complexes considered as
intact, revealed that, instead of the narrow line on the low-energy end of the spectra,
a broad low-intensity band, occurring red-shifted with respect to the narrow line,
might represent the lowest exciton state, k = 1, of the LH1 complexes. In future
work this new interpretation could be tested, by acquiring fluorescence-excitation
and emission spectra from the same individual RC-LH1 complexes. According to
the work on LH2, in these spectra the criterion for the identification of the lowest
exciton state should be, that the emission spectrum has to emerge directly from
the spectral region of the lowest exciton state in the excitation spectrum. Referring
to the numerical simulations from the previous part, it is argued that not the long
excited state lifetime of the k = 1 exciton state in comparison to the higher exci-
ton states might be responsible for the characteristic narrow line in the RC-LH1
fluorescence-excitation spectra, but the localization of the k = 1 and k = 2 exciton
states on opposite sides of the LH1 aggregate. This would affect the relaxation
of the k = 2 state, now attributed to the narrow line, to k = 1, as the rate for
this process is amongst others determined by the spatial overlap between the corre-
sponding exciton wavefunctions. Accordingly, due to the negligible overlap between
the k = 2 and k = 1 exciton wavefunctions, it might be, that the narrow line reflects
the comparatively slow relaxation of the k = 2 state to k = 1. In contrast, much
more extended spatial overlaps with the k = 1 exciton wavefunction were found for
the higher exciton states (k ≥ 3), making a fast relaxation to k = 1 plausible and
explaining the broad bands observed for these states in the excitation spectra.
If this new interpretation of the spectral characteristics turns out to be true, on the
one hand this would prove the necessity of acquiring, at the same time, fluorescence-
excitation and emission spectra from individual LH complexes to ensure the com-
pleteness of the excitation spectra for these complexes. On the other hand, this
would call for a reinterpretation of the spectra not only from the preceding parts
of this work, but also from previous single-molecule studies on RC-LH1 complexes.
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Appendix - numerical simulations

A Coordinates of the LH1 model structures

Coordinates (x, y, z) of the positions of the central Mg2+ ions of the BChl a
molecules and unit vectors, n̂, of their corresponding Qy transition-dipole moments
of the LH1 model structures in this thesis. All entries are given in Å.

Structure 1
Pigm. x y z nx ny nz

1 -45.706 5.451 0.000 -0.318 0.937 -0.146
2 -45.317 14.886 -0.109 0.154 -0.978 -0.138
3 -39.268 20.929 0.000 0.133 0.980 -0.146
4 -34.717 29.203 -0.109 -0.298 -0.945 -0.138
5 -26.944 32.358 0.000 0.500 0.854 -0.146
6 -19.562 38.247 -0.109 -0.638 -0.758 -0.138
7 -11.327 38.641 0.000 0.756 0.638 -0.146
8 -2.401 41.725 -0.109 -0.854 -0.501 -0.138
9 5.486 39.578 0.000 0.918 0.369 -0.146
10 14.928 39.712 -0.109 -0.968 -0.208 -0.138
11 21.730 35.164 0.000 0.988 0.053 -0.146
12 30.708 32.239 -0.109 -0.984 0.116 -0.138
13 35.478 25.484 0.000 0.939 -0.310 -0.146
14 42.777 19.493 -0.109 -0.874 0.466 -0.138
15 44.280 11.200 0.000 0.718 -0.681 -0.146
16 48.337 2.673 -0.109 -0.593 0.793 -0.138
17 45.700 -5.483 0.000 0.317 -0.937 -0.146
18 45.303 -14.917 -0.109 -0.154 0.978 -0.138
19 39.248 -20.956 0.000 -0.134 -0.980 -0.146
20 34.690 -29.227 -0.109 0.298 0.944 -0.138
21 26.921 -32.372 0.000 -0.500 -0.854 -0.146
22 19.536 -38.257 -0.109 0.638 0.757 -0.138
23 -5.514 -39.575 0.000 -0.918 -0.369 -0.146
24 -14.956 -39.704 -0.109 0.968 0.208 -0.138
25 -21.762 -35.148 0.000 -0.988 -0.052 -0.146
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Structure 1
Pigm. x y z nx ny nz

26 -30.739 -32.217 -0.109 0.984 -0.116 -0.138
27 -35.502 -25.459 0.000 -0.939 0.311 -0.146
28 -42.796 -19.462 -0.109 0.874 -0.466 -0.138
29 -44.291 -11.169 0.000 -0.717 0.681 -0.146
30 -48.339 -2.638 -0.109 0.592 -0.794 -0.138

Structure 2
Pigm. x y z nx ny nz

1 -46.295 6.801 1.369 -0.321 0.947 -0.030
2 -45.070 16.267 1.005 0.351 -0.930 -0.110
3 -39.658 21.231 1.142 0.069 0.931 -0.358
4 -33.789 30.013 0.277 -0.298 -0.920 -0.256
5 -26.302 34.810 0.125 0.536 0.829 -0.159
6 -18.719 40.166 -0.861 -0.440 -0.884 0.157
7 -10.329 39.814 -0.608 0.821 0.540 -0.184
8 -1.462 40.285 -1.049 -0.860 -0.456 -0.228
9 6.385 39.106 -0.503 0.871 0.380 -0.311
10 15.173 39.091 -2.029 -0.958 -0.287 0.025
11 24.749 35.565 -0.336 0.818 -0.085 -0.568
12 33.372 31.090 -1.256 -0.997 0.022 -0.074
13 37.405 26.199 -0.284 0.940 -0.308 -0.145
14 42.966 19.698 1.558 -0.911 0.395 -0.114
15 45.049 11.866 1.062 0.729 -0.659 -0.185
16 47.756 2.827 2.030 -0.700 0.697 -0.158
17 46.514 -5.370 -0.099 0.472 -0.881 0.017
18 45.810 -16.249 -0.244 -0.183 0.968 -0.174
19 40.255 -20.869 -0.526 0.205 -0.956 -0.210
20 35.431 -31.101 -0.353 0.162 0.984 -0.079
21 26.754 -34.157 -1.503 -0.275 -0.952 -0.130
22 19.307 -40.285 -1.264 0.656 0.726 -0.207
23 -4.186 -38.312 -1.831 -0.827 -0.503 -0.250
24 -14.009 -39.616 -2.028 0.945 0.323 -0.058
25 -21.625 -37.009 -1.787 -0.984 -0.150 -0.097
26 -30.955 -34.586 -1.614 0.983 0.037 -0.177
27 -36.644 -28.006 -0.493 -0.985 0.145 -0.092
28 -44.114 -21.425 -0.713 0.898 -0.408 -0.166
29 -45.169 -12.088 0.522 -0.717 0.697 -0.020
30 -47.755 -1.951 1.295 0.554 -0.813 -0.181

134



A Coordinates of the LH1 model structures

Structure 3
Pigm. x y z nx ny nz

1 -45.273 6.000 0.000 -0.409 0.901 -0.146
2 -45.821 15.427 -0.109 0.251 -0.958 -0.138
3 -40.114 22.375 0.000 0.065 0.987 -0.146
4 -36.145 30.943 -0.109 -0.232 -0.963 -0.138
5 -27.833 34.371 0.000 0.524 0.839 -0.146
6 -20.287 40.048 -0.109 -0.659 -0.739 -0.138
7 -11.341 39.143 0.000 0.858 0.492 -0.146
8 -2.008 40.582 -0.109 -0.930 -0.340 -0.138
9 6.001 39.166 0.000 0.875 0.462 -0.146
10 15.380 40.271 -0.109 -0.942 -0.307 -0.138
11 23.034 36.701 0.000 0.983 0.108 -0.146
12 32.162 34.284 -0.109 -0.989 0.061 -0.138
13 36.985 26.696 0.000 0.918 -0.370 -0.146
14 43.889 20.253 -0.109 -0.843 0.520 -0.138
15 44.555 11.286 0.000 0.634 -0.759 -0.146
16 47.597 2.347 -0.109 -0.497 0.857 -0.138
17 45.269 -6.055 0.000 0.408 -0.901 -0.146
18 45.803 -15.483 -0.109 -0.249 0.959 -0.138
19 40.086 -22.421 0.000 -0.067 -0.987 -0.146
20 36.104 -30.983 -0.109 0.233 0.963 -0.138
21 27.786 -34.398 0.000 -0.525 -0.839 -0.146
22 20.232 -40.064 -0.109 0.660 0.738 -0.138
23 -6.055 -39.166 0.000 -0.875 -0.462 -0.146
24 -15.433 -40.271 -0.109 0.942 0.307 -0.138
25 -23.084 -36.681 0.000 -0.984 -0.106 -0.146
26 -32.208 -34.250 -0.109 0.988 -0.062 -0.138
27 -37.020 -26.655 0.000 -0.917 0.371 -0.146
28 -43.913 -20.201 -0.109 0.842 -0.522 -0.138
29 -44.566 -11.234 0.000 -0.633 0.760 -0.146
30 -47.594 -2.289 -0.109 0.496 -0.857 -0.138
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Structure 3’
Pigm. x y z nx ny nz

1 -45.273 6.000 0.000 -0.409 0.901 -0.146
2 -45.821 15.427 -0.109 0.251 -0.958 -0.138
3 -40.114 22.375 0.000 0.065 0.987 -0.146
4 -36.145 30.943 -0.109 -0.232 -0.963 -0.138
5 -27.833 34.371 0.000 0.524 0.839 -0.146
6 -20.287 40.048 -0.109 -0.659 -0.739 -0.138
7 -11.341 39.143 0.000 0.840 0.522 -0.146
8 -2.064 40.907 -0.109 -0.918 -0.373 -0.138
9 8.001 39.166 0.000 0.875 0.462 -0.146
10 17.380 40.271 -0.109 -0.942 -0.307 -0.138
11 24.872 35.914 0.000 0.988 0.052 -0.146
12 33.849 32.983 -0.109 -0.984 0.116 -0.138
13 36.985 26.696 0.000 0.904 -0.401 -0.146
14 43.660 20.016 -0.109 -0.824 0.549 -0.138
15 44.555 11.286 0.000 0.634 -0.759 -0.146
16 47.597 2.347 -0.109 -0.497 0.857 -0.138
17 45.269 -6.055 0.000 0.408 -0.901 -0.146
18 45.803 -15.483 -0.109 -0.249 0.959 -0.138
19 40.086 -22.421 0.000 -0.067 -0.987 -0.146
20 36.104 -30.983 -0.109 0.233 0.963 -0.138
21 27.786 -34.398 0.000 -0.525 -0.839 -0.146
22 20.232 -40.064 -0.109 0.660 0.738 -0.138
23 -6.055 -39.166 0.000 -0.875 -0.462 -0.146
24 -15.433 -40.271 -0.109 0.942 0.307 -0.138
25 -23.084 -36.681 0.000 -0.984 -0.106 -0.146
26 -32.208 -34.250 -0.109 0.988 -0.062 -0.138
27 -37.020 -26.655 0.000 -0.917 0.371 -0.146
28 -43.913 -20.201 -0.109 0.842 -0.522 -0.138
29 -44.566 -11.234 0.000 -0.633 0.760 -0.146
30 -47.594 -2.289 -0.109 0.496 -0.857 -0.138

The highlighted data indicate those entries for Structure 3’, with changed values
with respect to Structure 3.
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B Simulated k = 1 exciton state energies - comparison with the experiment

B Simulated k = 1 exciton state energies -
comparison with the experiment

Figure B.1: Comparison of the distribution of the spectral positions of the B1 band for the
intact RC-LH1 complexes from Rps. acidophila embedded in a DDM/PVA matrix (red bars,
38 complexes) with the distributions of the k = 1 exciton state energies, calculated numerically
for the four LH1 model structures (colored squares). For each model structure the numerical
simulation was run for 1000 individual realizations of the pigment site energies (diagonal
disorder, ∆ = 100 cm−1). Panel (a) shows the distribution of the k = 1 exciton state
energies for Structure 1, (b) for Structure 2, (c) for Structure 3 and (d) for Structure 3’.

In Figure B.1 the distribution of the spectral positions of the B1 band for the intact
RC-LH1 complexes from Rps. acidophila stabilized in a DDM/PVA environment
(red bars) is compared to the distributions of the k = 1 exciton state energies, cal-
culated for the four LH1 model structures of this thesis (colored squares). Thereby,
the mean site energy, E0, of the pigments in the four LH1 models was adjusted
individually for each structure, in order to achieve overlapping distributions for the
spectral occurrence of the band B1 in the experiment and the calculated k = 1
exciton state energies. The resultant values for the mean site energy, E0, were
12, 590 cm−1

∧
= 794.3 nm in Structure 1, 12, 500 cm−1

∧
= 800 nm in Structure 2,

12, 680 cm−1
∧
= 788.6 nm in Structure 3 and 12, 510 cm−1

∧
= 799.4 nm in Struc-
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ture 3’. With these figures for E0 all numerically calculated distributions of the
k = 1 exciton state energies show a satisfying overlap with the low-energy part of
the experimental B1 distribution, comprising the majority of the intact RC-LH1
complexes from Rps. acidophila.
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Deutsche Zusammenfassung

Das Thema dieser Arbeit war die Untersuchung der spezifischen Anordnung der
Bakteriochlorophyll (BChl) a Moleküle im Lichtsammelkomplex 1 (LH1) von Rho-
dopseudomonas (Rps.) acidophila. Bei den Purpurbakterien bildet der LH1 Kom-
plex zusammen mit einem Reaktionszentrum (RC) eine geschlossene Einheit, wobei
der LH1 Komplex das RC direkt umschließt. Dieses Gesamtkonstrukt ist dann als
RC-LH1 Kernkomplex bekannt. Im Rahmen eines zyklischen Elektronentransportes
innerhalb der bakteriellen Photosynthese müssen reduzierte Ubiquinon Moleküle,
QBH2, das RC verlassen und, durch den LH1 Komplex hindurch, in die Membra-
numgebung diffundieren. Inzwischen ist allgemein bekannt, dass der LH1 Komplex
bei manchen Purpurbakterienarten eine Lücke aufweist, mutmaßlich um den Trans-
fer von QBH2 zu ermöglichen, wohingegen für andere Arten, mit einem komplett
geschlossenen LH1 Ring, Kanäle innerhalb des LH1 Komplexes den Durchtritt von
QBH2 ermöglichen könnten. Vor dieser Arbeit war nicht bekannt zu welcher die-
ser beiden Klassen von RC-LH1 Komplexen (unterbrochener vs. geschlossener LH1
Ring) der RC-LH1 Komplex von Rps. acidophila gehört, ganz zu schweigen von
einer genauen Vorstellung über die Anordnung der BChl a Moleküle innerhalb des
LH1 Aggregates. Es folgt eine kurze Zusammenfassung der Ergebnisse, die im Rah-
men dieser Arbeit erzielt wurden.

In einer ersten Reihe von Experimenten wurde der RC-LH1 Komplex von Rps. aci-
dophila wieder aufgegriffen, um daran einzelmolekülspektroskopische Untersuchun-
gen durchzuführen. Dabei wurden die Pigment-Proteinkomplexe durch das relativ
milde, nicht-denaturierende Detergens, dodecyl-β-D-maltoside (DDM), stabilisiert,
anstatt durch das stärker deaktivierende Detergens, lauryldimethylamine N-oxide
(LDAO), welches in einer vorangegangenen Studie verwendet wurde. Insgesamt
wurden Tieftemperatur (1.2 K)-Fluoreszenzanregungsspektren von 61 einzelnen,
in DDM stabilisierten RC-LH1 Komplexen aufgezeichnet, im Vergleich zu lediglich
24 Komplexen, die in der Vorgängerstudie vermessen wurden. Entsprechend ih-
rer spektralen Merkmale wurden die Komplexe entweder als intakt oder als defekt
eingestuft. Durch die Verwendung von DDM anstatt LDAO als Detergens, konn-
te der Anteil an defekten (dissoziierten) RC-LH1 Komplexen bedeutend gesenkt
werden, nämlich von 37.5% in der Vorgängerstudie auf 11.5% in der vorliegenden
Arbeit. Aufgrund der verbesserten Qualität der Stammlösung war es möglich, pola-
risationsaufgelöste Fluoreszenzanregungsspektroskopie zu betreiben und dabei die
Verteilungen der spektralen Merkmale der intakten RC-LH1 Komplexe mit einer
verbesserten Statistik aufzunehmen. Sowohl diese Verteilungen als auch charakteris-
tische spektrale Merkmale, wie z.B. eine schmale Linie, die für die meisten Komplexe
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am roten Ende des detektierten Spektralbereiches auftritt, weisen eine verblüffen-
de Ähnlichkeit mit den Daten von RC-LH1 Komplexen von Rps. palustris auf, die
im Rahmen einer früheren Studie aufgezeichnet wurden. Für den Rps. palustris
RC-LH1 Komplex ist eine gering aufgelöste Kristallstruktur verfügbar. Aufgrund
der vorgenannten Ähnlichkeit der spektralen Merkmale, kommt man damit zu dem
Schluss, dass die LH1 Komplexe von Rps. acidophila und Rps. palustris durch das-
selbe Strukturmodell beschrieben werden können, nämlich durch eine elliptische
Anordnung von BChl a Molekülen, die eine Lücke aufweist. Somit konnte durch
die erfolgreiche Anwendung der Tieftemperatureinzelmolekülspektroskopie als ei-
nem Werkzeug für strukturelle Untersuchungen zum ersten Mal gezeigt werden,
dass der RC-LH1 Komplex von Rps. acidophila eher zu den RC-LH1 Komplexen
mit einem unterbrochenen LH1 Aggregat gehört, als zu jenen mit einer komplett
geschlossenen LH1 Struktur.

In einer zweiten Reihe von Experimenten wurde der Einfluss der Umgebung auf
die Spektren der RC-LH1 Komplexe von Rps. acidophila untersucht. Dabei wurden
die Komplexe in Detergens (DDM)-Pufferlösung stabilisiert und in eine Phospho-
lipiddoppelschicht rekonstituiert, und die Ergebnisse wurden mit jenen der ersten
experimentellen Reihe verglichen (s.o.), die an DDM-stabilisierten RC-LH1 Kom-
plexen durchgeführt wurde, die zusätzlich in einer Polyvinylalkohol (PVA) Matrix
immobilisiert waren (DDM/PVA). Das Ziel dieser Experimente war es zu überprü-
fen, ob die Immobilisierung der RC-LH1 Komplexe in PVA möglicherweise zu einer
Deformation der LH1 Struktur führt und somit die Aussagekraft der mithilfe der
optischen Spektroskopie gewonnenen Ergebnisse deutlich einschränkt.
In Ensemble Absorptions- und Fluoreszenzanregungsspektren wurden spektrale
Verschiebungen sowohl als Funktion der Matrix, als auch als Funktion der Tem-
peratur beobachtet. Bezüglich zweiterem, wurden bei Abkühlung der Probe un-
terschiedliche spektrale Verschiebungen in den drei Umgebungen festgestellt. Dies
konnte stimmig mit einer Erhöhung des lokalen Druckes auf die Komplexe in der
Lipiddoppelschicht und in der DDM-Pufferlösung erklärt werden. Demgegenüber
ist für die DDM/PVA Umgebung eine Verminderung des lokalen Druckes vorstell-
bar, da, aufgrund eines negativen thermischen Expansionskoeffizienten für dünne
Polymerfilme unterhalb ihrer Glasübergangstemperatur, unter einer Absenkung der
Temperatur, eher eine Expansion als eine Kontraktion des PVA-Filmes zu erwar-
ten ist. Bei Tieftemperatureinzelmolekülmessungen wurde festgestellt, dass die in
DDM-Pufferlösung befindlichen Komplexe, ohne zusätzliche Stabilisierung in einer
PVA Matrix, schnellen spektralen Dynamiken ausgesetzt sind und somit die Er-
zielung von aussagekräftigen Ergebnissen mittels der Einzelmolekülspektroskopie
verhindert wird. Ferner wurde für die in eine Lipiddoppelschicht rekonstituierten
Komplexe aufgedeckt, dass der Rekonstitutionsprozess, im Vergleich zur Aufbe-
reitung der Komplexe in einem PVA-Film, zu einem wesentlich höheren Anteil
an defekten Komplexen führt. Jedoch wurde auch festgestellt, dass für die intak-
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ten Komplexe die Statistiken der wesentlichen spektralen Merkmale, wie z.B. der
spektrale Abstand der Banden und die gegenseitige Orientierung ihrer Übergangs-
dipolmomente, weitgehend identisch sind, falls entweder eine Lipiddoppelschicht
oder PVA als Matrix verwendet werden. Trotz des zusätzlichen Aufwandes, der mit
dem Rekonstitutionsprozess verbunden ist, findet man also, im Vergleich zur Ein-
bettung der Komplexe in einer PVA Matrix, einen geringeren Anteil an intakten
RC-LH1 Komplexen vor, sowie gleiche Ergebnisse für die maßgeblichen spektralen
Eigenschaften. Damit kommt man zu dem Schluss, dass die Immobilisierung dieser
Pigment-Protein Komplexe in einer PVA Matrix eine gute Wahl ist, um Tieftem-
peraturexperimente an einzelnen Lichtsammelkomplexen durchzuführen.

In einem nächsten Schritt wurden die Häufigkeitsverteilungen der spektralen Merk-
male der intakten RC-LH1 Komplexe mit den entsprechenden Daten aus numeri-
schen Simulationen unterschiedlicher LH1 Modellstrukturen verglichen. Damit soll-
ten neue Erkenntnisse über die spezifische Anordnung der BChl a Moleküle inner-
halb des LH1 Komplexes von Rps. acidophila gewonnen werden. Alle eingeführten
LH1 Modellstrukturen lagen innerhalb der Auflösung der Rps. palustris RC-LH1
Kristallstruktur und folglich hatten alle LH1 Modelle eine Lücke in der Anordnung
ihrer BChl a Moleküle. Im Vergleich zu einer früheren Simulationsstudie am RC-
LH1 Komplex von Rps. palustris, wurden in der vorliegenden Arbeit realistischere
Simulationsparameter verwendet, sowohl was den strukturellen Aufbau der RC-
LH1 Komplexe angeht, als auch bezüglich der Stärke der elektronischen Kopplung
zwischen den Pigmenten.
Zunächst wurden drei unterschiedliche LH1 Modellstrukturen ausgetestet. Bei zwei
dieser Modelle wurden starre BChl a Dimereinheiten in gleichbleibenden Abständen
auf einer Ellipse oder einem Rechteck mit abgerundeten Ecken platziert, wohinge-
gen im dritten Modell die Positionierung der BChl a Moleküle der unregelmäßigen
Anordnung der Pigmente aus der Rps. palustris Kristallstruktur entsprach. Als
eine erste Folge der deutlich erhöhten Wechselwirkungsstärke in den Simulatio-
nen dieser Arbeit, nimmt die Übergangsenergie der einzelnen Pigmente in allen
vorgestellten LH1 Modellen plausible Werte an. Jedoch wurde auch festgestellt,
dass keines dieser drei vorläufigen LH1 Modelle in der Lage ist die experimentel-
len Häufigkeitsverteilungen der spektralen Merkmale der RC-LH1 Komplexe von
Rps. acidophila zu reproduzieren. Eine sorgfältige Überprüfung der Lokalisierungs-
muster der exzitonischen Zustände offenbarte jedoch, dass die beiden niedrigsten
Exzitonzustände eines LH1 Komplexes, k = 1 und k = 2, jeweils in charakteristi-
schen Bereichen des LH1 Aggregates lokalisieren, nämlich dort wo die Werte der
Nächsten-Nachbar-Wechselwirkung zwischen den Pigmenten deutlich erhöht sind.
Mit diesem Wissen war es möglich, durch eine minimale Veränderung der Posi-
tionen von lediglich vier Dimereinheiten in einem der ‘regelmäßigen’ LH1 Modelle
(Rechteck mit abgerundeten Ecken), ein neues LH1 Modell zu generieren, dessen
spektrale Eigenschaften sich in zufriedenstellender Übereinstimmung mit den expe-
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rimentellen Einzelmolekülspektren befinden. Bei den durchgeführten strukturellen
Veränderungen orientierte man sich an der RC-LH1 palustris Kristallstruktur und
es könnte argumentiert werden, dass sie auf spezifische Wechselwirkungen zwischen
RC und LH1 Komplex zurückzuführen sind. Das finale LH1 Modell ‘übertrifft’ das
in einer früheren Studie eingeführte, verfeinerte Rps. palustris LH1 Modell deutlich,
da für das gegenwärtige Modell sowohl realistischere Simulationsparameter verwen-
det wurden und es zudem eine wesentlich bessere strukturelle Überlappung mit der
Rps. palustris RC-LH1 Kristallstruktur aufweist.
Es sollte allerdings beachtet werden, dass in der einzigen hochaufgelösten Kris-
tallstruktur, die bislang von einem RC-LH1 Komplex zur Verfügung steht, kein
Nachweis für die spezifischen Veränderungen an der ‘regelmäßigen’ LH1 Struktur
gefunden werden kann. Zudem ist offensichtlich, dass ähnliche strukturelle Verände-
rungen, wie jene die oben beschrieben wurde, zu weiteren LH1 Strukturen innerhalb
der palustris Röntgenstruktur führen können, die in der Lage sind die experimentel-
len Spektren wiederzugeben. Deshalb wird an dieser Stelle nicht behauptet, dass mit
dem finalen LH1 Modell die ‘einzig wahre’ strukturelle Lösung für den LH1 Komplex
von Rps. acidophila gefunden wurde. Es wurde jedoch gezeigt wie, im Rahmen eines
relativ einfachen Simulationsansatzes (Heitler-London Näherung und Dipol-Dipol
Wechselwirkung zwischen den Pigmenten), ein LH1 Modell mit einer regelmäßi-
gen Anordnung der Pigmente verändert werden kann, um eine zufriedenstellende
Wiedergabe der experimentellen Verteilungen der spektralen Merkmale zu errei-
chen. Dementsprechend ist das deutlich wichtigere und allgemeingültige Ergebnis
aus diesem Teil der Arbeit, dass in exzitonischen Systemen, in denen die Modu-
lation der Nächsten-Nachbar-Wechselwirkung die bestimmende Größe ist, anstatt
der diagonalen Unordnung, die beiden niedrigsten Exzitonzustände in charakteris-
tischen Bereichen des LH1 Aggregates lokalisieren, nämlich gerade dort, wo sich die
Maxima der Nächsten-Nachbar-Wechselwirkung befinden. Diese Erkenntnis könnte
allgemein, für stark gekoppelte Anordnungen von Pigmenten von Bedeutung sein.

Schließlich deckte, initiiert durch eine kürzlich erschienene Arbeit an LH2 Kom-
plexen von Rps. acidophila, eine sorgfältige Nachuntersuchung der Spektren von
individuellen RC-LH1 Komplexen, die als intakt klassifiziert wurden, auf, dass, an-
statt der schmalen Linie am niederenergetischen Ende der Spektren, eine breite
Bande von geringer Intensität, die rotverschoben im Vergleich zur schmalen Linie
auftritt, möglicherweise den tiefsten Exzitonzustand, k = 1, der LH1 Komplexe
darstellt. In zukünftigen Messungen könnte diese neue Interpretation überprüft
werden, indem man gleichzeitig Fluoreszenzanregungs- und Emissionsspektren der-
selben individuellen RC-LH1 Komplexe aufzeichnet. Entsprechend der Arbeit an
den LH2 Komplexen sollte in diesen Spektren das Kriterium für die Identifikati-
on des niedrigsten Exzitonzustandes sein, dass das Emissionsspektrum direkt aus
dem spektralen Bereich hervorgeht, in dem sich der niedrigste Exzitonzustand im
Anregungsspektrum befindet. Unter Zuhilfenahme der numerischen Simulationen
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aus dem vorherigen Abschnitt könnte argumentiert werden, dass möglicherweise
nicht die lange Lebensdauer des k = 1 Zustandes im Vergleich zu den höheren
Exzitonzuständen für die charakteristische schmale Linie in den RC-LH1 Fluores-
zenzanregungsspektren verantwortlich ist, sondern die Lokalisierung der k = 1 und
k = 2 Exzitonzustände auf entgegengesetzten Seiten des LH1 Aggregates. Dies wür-
de die Relaxation des k = 2 Zustandes, dem nun die schmale Linie zugeordnet wird,
in den k = 1 Zustand beeinflussen, da die Rate für diesen Prozess unter anderem
von der räumlichen Überlappung der entsprechenden Exzitonwellenfunktionen ab-
hängt. Folglich könnte es sein, dass, aufgrund der vernachlässigbaren Überlappung
der k = 2 und k = 1 Exzitonwellenfunktionen, die schmale Linie, die vergleichswei-
se langsame Relaxation des k = 2 Zustandes in den k = 1 Zustand widerspiegelt.
Im Gegensatz dazu wurden für die höheren Exzitonzustände (k ≥ 3) deutlich grö-
ßere Überlappungen mit der k = 1 Exzitonwellenfunktion beobachtet. Dies würde
eine schnelle Relaxation dieser Zustände in den k = 1 Zustand plausibel machen
und entsprechend auch die breiten Banden erklären, die für diese Zustände in den
Anregungsspektren beobachtet werden.
Sollte sich diese neue Interpretation der spektralen Eigenschaften als richtig heraus-
stellen, würde dies zum einen die Notwendigkeit unter Beweis stellen, dass gleichzei-
tig Fluoreszenzanregungs- und Emissionsspektren von individuellen LH Komplexen
aufgezeichnet werden müssen, um die Vollständigkeit der Anregungsspektren dieser
Komplexe nachzuweisen. Des Weiteren würde dies eine Reinterpretation der Daten
nicht nur aus den vorangegangenen Teilen dieser Arbeit notwendig machen, sondern
auch von früheren Einzelmolekülstudien an RC-LH1 Komplexen.
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