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What is a scientist after all?
It is a curious man looking through a keyhole,
the keyhole of nature, trying to know what’s going on.

Jacques-Yves Cousteau

Science is fun.
Science is curiosity.

We all have natural curiosity.
Science is a process of investigating.

It’s posing questions and coming up with a method.
It’s delving in.

Sally Ride





Abstract

Detergent-isolated LH2 complexes of the purple bacterium Marichromatium pur-
puratum (Mch. purpuratum) were studied in detergent solution (20 mM HEPES,
0.1% LDAO, pH 7.8) by time-resolved spectroscopy as a function of the excita-
tion parameters, such as the excitation fluence and the laser repetition rate. Both,
excitation of the incorporated bacteriochlorophyll pigments as well as excitation
of carotenoid pigments was investigated. The fluorescence transients for each of
the different combinations of the excitation fluence and the laser repetition rate
were analyzed using the phasor approach.

The phasor approach, originally formulated for fluorescence lifetime measure-
ments in the frequency domain, was now adapted to lifetime measurements in
the time domain. Recognizing the specific features of the fluorescence transients
that were extracted from time-resolved measurements, here, a procedure for the
calculation of the phasor coordinates was developed including all necessary cor-
rections, such as background correction and correction for the influence of the
instrument response (IRF) function. The special strength of the phasor approach
is, that it allows for the analysis of the fluorescence kinetics without any a priori
knowledge or assumption. Thus, the phasor approach allows for both a quali-
tative as well as a quantitative analysis of the observed fluorescence transients
taking only into account the measured data and without making any assump-
tion of the underlying kinetics as it is done for the ‘traditional‘ fitting approach
often seen in literature.

A detailed analysis using the phasor approach revealed a multiexponential ki-
netics for all measured fluorescence transients of the isolated LH2 complexes
of Mch. purpuratum. For excitation of bacteriochlorophyll pigments in the near-
infrared (NIR) wavelength range, a global biexponential kinetics with lifetime
components of 730 ps and 50 ps was revealed. In addition a third lifetime com-
ponent of about 500 ps was observed in phasor analysis for high excitation den-



sities, corresponding to the combination of high excitation fluence and high laser
repetition rate. Upon excitation of the carotenoid pigments in the visible wave-
length (VIS) range a biexponential kinetics featuring one lifetime component
in the order of 750 ps and one faster lifetime of or below 100 ps was identified,
hence showing almost the same biexponential kinetics as for bacteriochlorophyll
excitation. Notably, no third lifetime component was observed for excitation of
the carotenoid pigments.

The long fluorescence lifetime component in the order of 750 ps observed in the
experiments is significantly quenched with respect to the usually reported flu-
orescence lifetime in the order of 1 ns for isolated LH2 complexes of various
species of purple bacteria [1, 2, 3, 4]. Nonetheless, this lifetime component is
attributed to the fluoresceen emission of the B830 bacteriochlorophyll pigments
within the LH2 complex of Mch. prupuratum. The fast lifetime component of be-
low 100 ps which is observed for all excitation conditions is tentatively attributed
to the occurrence of a yet not known or resolved mixed exciton charge-transfer
(CT) state within the B830 LH2 complex of Mch. purpuratum. The occurrence
of such mixed exciton CT states in bacterial LH2 complexes is under discus-
sion since years [5, 6, 7] and is in accordance with the observed shortening of
B830 fluorescence lifetime [8]. The third lifetime component observed exclu-
sively for excitation of bacteriochlorophyll pigment at high excitation densities
is attributed tot the occurrence of singlet-triplet annihilation (STA) processes.

The identification of the different lifetime components in the multiexponen-
tial kinetics finally allowed for the evolution and proposal of an energy level
scheme for the B830 LH2 complex of Mch. purpuratum. Based on this energy
level scheme, the origin of the difference in the observed fluorescence kinetics
upon excitation of bacteriochlorophylls or carotenoids was discussed. The dif-
ferent flow of energy within the LH2 complex upon excitation of the different
pigments results in fundamental different situations of electronic excitations and
it is reasonable presented that likely the occurrence of triplet-triplet annihilation
results in the difference of the observed fluorescence kinetics.

In order to test the proposed energy level scheme for the LH2 complex of
Mch. purpuratum numerical simulations using a dynamic Monte Carlo algorithm
were performed, using on a rate model that is based on that energy level scheme.



A comparison of the fluorescence transients obtained experimentally and those
resulting from the simulations showed an overall good agreement. Phasor anal-
ysis of the simulated fluorescence transients revealed that the multiexponential
kinetics was reproduced correctly with respect to the up to three lifetime com-
ponents seen in the experiments. Also the fractional contributions of the distinct
lifetime components were well reproduced, with the only exception for high
laser repetition rates. There, although the lifetime components were reproduced
correctly, the fractional contribution did not reproduce the experimental data.

Overall, based on the experiments for investigation of the kinetics of electronic
excitations within the B830 LH2 complex of Mch. purpuratum a detailed model
for its electronic structure is presented.





Kurzusammenfassung

Isolierte LH2 Lichtsammelkomplexe des Purpurbakteriums Marichromatium pur-
puratum (Mch. purpuratum) in Lösung (20 mM HEPES, 0.1% LDAO, pH 7.8) wur-
den mittels zeitaufgelöster Spektroskopie in Abhängigkeit der Anregungspa-
rameter, Wiederholrate des Anregungslasers sowie Photonenanregungsfluenz,
untersucht. Es wurden Experimente sowohl bei Anregung der Bakteriochloro-
phyll-Pigmente als auch der Karotenoid-Moleküle durchgeführt. Die Fluores-
zenzzerfallkurven für jede gemessene Kombination der Anregungsparameter
wurden mit Hilfe des Phasor-Ansatzes ausgewertet. Der Phasor-Ansatz wur-
de ursprünglich für Fluoreszenzlebenszeitmessungen in der Frequenzdomäne
formuliert und wurde nun für Lebenszeitmessung in der Zeitdomäne adaptiert.
Unter Berücksichtigung der speziellen Eigenschaften der Fluoreszenzzerfallkur-
ven als Folge der zeitaufgelösten Messungen wurde im Rahmen dieser Arbeit
ein Verfahren zur Berechnung der Phasorkoordinaten entwickelt, welches alle
notwendigen Korrekturen, wie eine Korrektur der Untergrundfluoreszenz so-
wie eine Korrektur des Einflusses der Apparatefunktion (eng. instrument re-
sponse function, IRF) beinhaltet. Die besondere Stärke des Phasor-Ansatzes zur
Analyse von Fluoreszenzlebenszeitkurven liegt darin, dass er die Analyse der
Fluoreszenzkinetik ohne eine a priori Annahme oder jedwedes Wissen über die
jeweilige Probe erlaubt. Dabei ist mit dem Phasor-Ansatz sowohl eine qualitati-
ve als auch eine quantitative Analyse der Fluoreszenzlebenszeitkurven möglich.
Als Grundlage dienen dabei lediglich die gemessenen Daten. Eine Vorabannah-
me hinsichtlich der den Fluoreszenzkurven zugrunde liegenden Fluoreszenzki-
netik, wie dies beim in der Literatur häufig beschriebenen traditionellen Ansatz
des ‘Fittens‘ von Fluoreszenzkurven der Fall ist, ist nicht notwendig.

Eine detailierte Phasoranalyse ergab eine multiexponentielle Fluoreszenzkine-
tik für alle gemessenen Fluoreszenzlebensdauermessungen der isolierten LH2
Lichtsammelkomplexe von Mch. purpuratum. Bei Anregung der Bakteriochloro-
phyll-Pigmente in nahen Infrarotbereich (eng. near infrared, NIR) konnte eine bi-



exponentielle Kinetik mit Lebenszeitkomponenten von 730 ps und 50 ps für alle
Kombinationen der Anregungsparameter identifiziert werden. Zusätzlich wurde
für hohe Anregungsdichten, welche der Kombination aus hoher Laserwiederhol-
rate und hoher Photonenanregungsfluenz entsprechen, eine dritte Lebenszeit-
komponent von etwa 500 ps festgestellt werden. Bei Anregung der Karotenoid-
Pigmente im sichtbaren Wellenlängenbereich (VIS) wurde eine globale biexpo-
nentielle Kinetik mit einer Lebenszeitkomponente von etwa 750 ps sowie einer
kleineren Lebenszeitkomponente < 100 ps identifiziert, was in der Größenor-
dung der biexponentiellen Kinetik entspricht, die bei Anregung der Bakteri-
ochlorophylle beobachtet wurde. Eine dritte Lebenszeitkomponente konnte bei
Anregung der Karotenoide nicht festgestellt werden.

Die größte in den Experimenten beobachtbare Lebenszeitkomponente von etwa
750 ps is deutlich kleiner als die üblicherweise berichtete Lebensdauer von et-
wa 1 ns für isolierte Lichtsammelkomplexe unterscheidlicher Spezies von Pur-
purbakterien [1, 2, 3, 4]. Da sie dennoch in der gleichen Größenordung ist,
kann diese Lebenszeitkomponente der Fluoreszenzemission der B830 Bakterio-
chlorophyll-Pigmente im LH2 von Mch. purpuratum zugeschrieben werden. Die
kleine Lebnsdauerkomponente von weniger als 100 ps, die für alle Anregungssi-
tuationen beobachtbar ist, wird vorläufig dem Auftreten eines bislang unbekann-
ten oder nicht auflösbaren exzitonischen Zustandes mit Charge-Transfer Charak-
ter (eng, mixed exciton charge-transfer state, CT) in der elektronischen Struktur
des B830 LH2 Komplexes von Mch. purpuratum zugeschrieben. Das Vorkommen
solcher gemischter Exziton-CT Zustände in bakteriellen Lichtsammelkomplexen
werden seit Jahren diskutiert [5, 6, 7] und sind in Übereinstimmung mit der
beobachteten, kleineren Lebenszeit der B830 Pigmente [8]. Die dritte Lebenszeit-
komponent, die ausschließlich bei Anregung der Bakteriochlorophyll-Pigmente
und für hohe Anregungsdichten beobachtet wurde, ist auf das Auftreten von
Singulett-Triplett Annihilationsporzesse zurückzuführen (STA).

Die Zuordnung der unterschiedlichen Lebenszeiten in der multiexponentiellen
Kinetik erlaubt den Entwurf und Vorschlag eines Energieniveauschemas für
den B830 LH2 Komplexes von Mch. purpuratum. Basierend auf diesem Vorschlag
wurde anschließend der Unterschied in der beobachteten Kinetik bei Anregung
der beiden Pigmente, Bakteriochlorophylle oder Karotenoide, diskutiert. Für
die Anregung der unterschiedlichen Pigmente ergibt sich ein unterschiedlicher



Fluss der Energie, welcher in einer fundamental unterschiedlichen Situation von
elektronischen Anregungen im Lichtsammelkomplex resultiert. Basierend auf
diesem Unterschied wurde nachvollziehbar dargelegt, dass wahrscheinlich das
Aufteten von Triplett-Triplett-Annihilationsprozessen die Ursache für den Un-
terschied in der beobachteten Fluoreszenzkinetik darstellt.

Abschließend wurden numerische Simulationen auf Basis eines dynamischen
Monte Carlo (DMC) Algorithmus durchgeführt um das vorgeschlagene Ener-
gieniveauschema zu testen. Dazu wurde auf Basis des vorgeschlagenen Energie-
niveauschemas ein Ratenmodell entiwckelt. Ein Vergleich der experimentellen
Fluorezenzzerfallkurven und der simulierten Transienten zeigte eine gute Über-
einstimmung für alle Anregungsparameter. Eine Phasor-Analyse der simulierten
Fluoreszenzzerfallkurven ergab, dass die experimentell beobachtete, mutliexpo-
nentielle Kinetik hinsichtlich aller drei Lebenszeitkomponenten gut reproduziert
wurde. Auch die anteiligen Intensitätsbeiträge (eng. fractional contributions) der
einzelnen Lebenszeitkonponenten wurde durch die Simulationen insgesamt gut
wiedergegeben. Lediglich bei hohen Laserwiederholraten waren Abweichungen
hinsichtlich der Internsitätsbeiträge beobachtbar.

Insgesamt wurde, basierend auf den Experimenten zur Untersuchung der Kine-
tik elektronischer Anregungen im B830 LH2 Komplex von Mch. purpuratum ein
detailliertes Modell für dessen elektronische Struktur präsentiert.
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1. Introduction

Facing a rise of the worldwide energy consumption since decades [9] in com-
bination with the growing public awareness that fossile energy resources are
limited, gives scientists and researchers a major challenge for the 21st century.
Among the alternatives for energy production based on fossile resources, such
as coal, oil and natural gas, the usage of solar energy is a promising candidate.
Via sunlight the energy of approximately 4.3×1020 J arrives at the Earth’s sur-
face within a single hour. This is almost the same amount of energy as the world
wide total energy consumption in the year 2017 (4.1×1020 J) [9].

Although solar cells on roof tops for the production of electricity from sunlight
are nowadays already part of our daily life, the improvement of the technology
for the usage of solar energy is still in the focus of current research. Within this
broad field of science, two main approaches are distinguished: The first focuses
mostly on the improvement of already existing technologies, such as the solar
cells mentioned above, ranging from technical improvements to the development
of new materials [10, 11, 12]. The second approach focuses on the fundamental
aspect for using solar energy, which is the capture of sunlight. This challenge of
light-harvesting has already been faced by nature since millions of years either
by plants or other organisms, such as algae and photosynthetic bacteria [13].
Thus, the second scientific approach follows the theme ‘learning from nature‘
and focuses on the investigation of the natural light-harvesting apparatus to ei-
ther apply the obtained knowledge on existing technologies or even create new
technologies [14]. Within this field of research, the light-harvesting apparatus of
purple bacteria is often studied as a model system [15][16]. This is reasonable
as purple bacteria perform highly efficient light-harvesting within their antenna
complexes [17, 18]. Moreover, the peripheral antenna complexes show a signif-
icant spectral heterogeneity in their absorption properties which indicates that
purple bacteria are adapted to a broad range of illumination conditions while
maintaining the high efficiency of capturing sunlight.
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1. Introduction

In purple bacteria the capture of sunlight is performed by specialized antenna
complexes. In general, these complexes are ring shaped pigment-pigment pro-
tein complexes consisting of a protein scaffold, formed by an outer and an inner
ring of apoproteins, that sandwiches the absorbing pigments for light-harvesting
and holds them in place. A general building principle of these rings can be
assumed from atomic force microscopy [19, 20] and electron microscopy [21].
However, from X-ray crystallization analysis the molecular structure of the pe-
ripheral light-harvesting complexes is only known for three species of purple
bacteria at high resolution [22, 23, 24]. From biochemical analysis it is known
that the peripheral light-harvesting complexes of these three species of purple
bacteria have a homogeneous composition of apoproteins, such that within their
ring structure only one type of apoprotein occurs [25, 26]. For other species of
purple bacteria the growth of high quality crystals for X-ray diffraction analysis
was not possible yet. Interestingly, for several species of purple bacteria a hetero-
geneous composition of apoproteins was reported [26], indicating that different
types of apoproteins form the protein scaffold of the light-harvesting pigments
within the light-harvesting complex. However, the geometrical structure of these
complexes can be analyzed indirectly by investigating the electronic structure of
the light-harvesting complexes. The electronic structure of the light-harvesting
complexes depends on the underlying geometrical structure of the molecules
and is accessible by means of optical spectroscopy.

This thesis follows the pathway of the second approach mentioned above and
investigates the peripheral light-harvesting complex of the purple bacterium
Marichromatium purpuratum. Time-resolved spectroscopy is applied on its pe-
ripheral light-harvesting complex to investigate the kinetics of the electronic ex-
citations upon optical excitation and thus draw conclusions on the electronic
structure of this complex. In the further course of this thesis, first an introduc-
tion into bacterial photosynthesis and light-harvesting will be given. In detail,
the function and structure of bacterial light-harvesting complexes will be dis-
cussed. Then, the material and the methods for both, the sample preparation of
the light- harvesting complexes as well as for the experiments of time-resolved
spectroscopy are explained.
For the analysis of the obtained fluorescence transients the so-called phasor ap-
proach is used instead of the classical fitting approach [27]. The theory of the

2



phasor approach, which originates from studies performed in the frequency do-
main [28], is given in detail and is expanded to time-domain data. In addition
to this formulation of the phasor approach for time-domain measurements, a
technique for the evaluation of the resulting phasors and the interpretation and
analysis of the underlying kinetics is developed. Finally, from phasor analysis
of the observed fluorescence transients, the kinetics of the electronic excitations
within the B830 LH2 complex is discussed and a model of the electronic struc-
ture of the LH2 complex of Marichromatium purpuratum is proposed.
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2. Bacterial Photosynthesis and

Light-Harvesting

Photosynthesis, which is mainly understood as the absorption of solar light for
the energy supply of an organism, is well known for plants. Moreover, a lot
of organisms, such as algae and phototrophic bacteria, perform photosynthe-
sis by capturing solar energy for their metabolism since millions of years. In
the following course of this chapter, a short introduction will be given to the
bacterial photosynthesis of purple bacteria. Focusing especially on the fun-
damental step of light-harvesting, it is outlined how purple bacteria perform
light-harvesting with very high efficiency in their light-harvesting apparatus via
specially designed antenna complexes. In detail, the peripheral antenna com-
plex, which is called light-harvesting complex 2 (LH2), and its photophysics are
discussed. Finally, a detailed description of the LH2 complex of the purple bac-
terium Marichromatium pupuratum is given, which is investigated in this thesis.

2.1. Bacterial Photosynthesis

In general, photosynthesis can be divided into four single steps: First, absorp-
tion and capture of sun light has to be realized. Second, the transfer of the
resulting electronic energy and then, the conversion of electronic energy into
chemical energy has to be performed. This happens in a third step by oxidation
of photoactive pigments which leads to charge separation within these pigments.
Subsequently, this charge separated state is stabilized, in a fourth step, to allow
for using the energy for the bacterial metabolism. In purple bacteria these single
steps of photosynthesis, which are all together also referred to as ‘light reac-
tion‘, are realized by the photosynthetic apparatus. This apparatus consists of
networks of different, specialized antenna complexes that perform the process of
capturing sunlight as well as the subsequent transfer of energy towards so called
reaction centers, where the electronic energy is converted into chemical energy
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2. Bacterial Photosynthesis and Light-Harvesting

that can be used by the organism. This network of antenna complexes is located
in the specialized intracellular membranes within the bacterium, also referred
to as chromatophores. Depending on the species of purple bacteria these intra-
cellular membranes, that host the bacterial photosynthetic apparatus, can have
different geometric shapes, ranging from circular vesicles up to lamellar struc-
tures, see Fig. 2.1. Transmission electron micrograph (TEM) sections show the
variation of morphologies of the intracellular membranes for different species of
purple bacteria.

Figure 2.1.: The chromatophores of purple bacteria show a variation of mor-
phologies : The intracellular membranes hosting the photosynthetic apparatus are
shown by TEM sections of different purple bacteria: (A) Rhodospirillium rubrum,
(B) Phaeospirillium molischianum and (C) Rhodobacter shaeroides. Whereas the chro-
matophores of Rhodospirillium rubrum (A) and Rhodobacter shaeroides (C) show cir-
cular membrane vesicles within the cytoplasma, Phaeospirillium molischianum forms
stacked lamellar intracellular membranes (B). For details see text. (A) and (B) taken
from [20]. (C) taken from [29].

The arrangement of the antenna complexes in networks within the intracellular
membrane follows a general building principle for all purple bacteria. In Fig. 2.2
an atomic force microscopy (AFM) image shows the typical arrangement of the
different ring-shaped antenna complexes [20]. Two types of light-harvesting
complexes are distinguished by their function: The peripheral light-harvesting
complexes, which correspond to the smaller rings in Fig. 2.2, act as antennas for
capturing the sunlight and are called light-harvesting complexes 2 (LH2). In
addition to the effective collection of sun light they also transfer the resulting
electronic energy in the direction of the reaction center (RC), which is located
within the ring of bigger diameter in Fig. 2.2. This transfer of energy can either
occur via several other LH2 complexes until a light-harvesting complex that
surrounds the reaction center is reached or by direct transfer to the other type
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of light-harvesting complexes that surrounds the reaction center. This second
type of light-harvesting complexes surrounding the reaction center are called
light-harvesting complexes 1 (LH1) and appear as rings of bigger diameter in
Fig. 2.2. The LH1 complex finally transfers the electronic energy to the reaction
center where it is converted into chemical energy which can be used by the
bacterium for metabolism. Due to their close contact with the reaction center
LH1 complexes are referred to as RC-LH1 complexes.

Figure 2.2.: Typical arrangement of the antenna complexes within the chro-
matophores: An AFM image shows the typical structure of the light-harvesting ap-
paratus for Rsp. photometricum. Antenna complexes of different functions are arranged
within a dense network of antenna complexes to allow for the efficient capture of solar
energy and subsequent energy transfer to the reaction centers. The smaller rings have
been attributed to the peripheral light-harvesting complexes (LH2). The rings of bigger
diameter have been identified as light-harvesting complexes 1 (LH1). Inside of the LH1
complexes the reaction center (RC) has been identified. For details see text. Taken from
[20].

A visualization of the process of light-harvesting and subsequent transfer of en-
ergy within the network of antenna complexes in purple bacteria is depicted in
Fig. 2.3. The different types of light-harvesting complexes are shown schemati-
cally. The peripheral LH2 complexes are represented as green rings. The LH1
complex is visualized as a blue ring of bigger diameter which is filled by an
orange sphere representing the reaction center (RC). Energy transfer processes
are visualized by arrows. Sunlight, represented by the yellow flashes, is ab-
sorbed by the LH2 antenna complexes and the resulting electronic energy is
subsequently transferred in the direction of the reaction center. The transfer of
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energy between LH2 complexes, depicted as black arrows, occurs within 3 - 5 ps
[30, 31, 32]. Subsequent transfer from a peripheral LH2 complex to an LH1 com-
plex, grey arrows, happens on a similar timescale [30, 31, 32]. The final energy
transfer step from the LH1 complex to the RC, visualized by the pale grey arrow,
happens much slower within 35 ps [33, 34, 35].

Figure 2.3.: Schematic drawing of the light-harvesting by a network of antenna
complexes: A network consisting of different light-harvesting complexes of purple bac-
teria is schematically shown. LH2 complexes are visualized by green rings, LH1 com-
plexes appear as blue rings and the reaction center (RC) is visualized as an orange sphere
within the LH1 complex. Incident sunlight is indicated by yellow flashes. Energy trans-
fer processes are depicted by arrows. Black arrows correspond to LH2-LH2 transfer steps
and grey arrows visualize the energy transfer from LH2 to LH1. The pale grey arrow
represents the energy transfer from the LH1 ring to the RC. For details see text.

In this thesis, the peripheral light-harvesting complex LH2 is in focus of inves-
tigation. Thus, a detailed description of the peripheral antenna complexes is
given below.

2.2. Peripheral light-harvesting complexes (LH2)

in purple bacteria

From atomic force microscopy [20], electron microscopy [21] as well as X-ray
crystallography [22, 24, 23], it is known that the peripheral light-harvesting com-
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plexes LH2 of purple bacteria have an elegant ring shape. Thus, although high
resolution structural data is only available for the LH2 complex of two species,
Rhodopseudomonas (Rps.) acidophila [22, 24] and Rhodospirillium (Rsp.) molischi-
anum [23] until now, it is assumed that the cylindrical shape is a general feature
of the LH2 complexes of purple bacteria and they all follow the same design
principle.

The LH2 complex of Rps. acidophila is described below to give a detailed im-
pression of the structure of such a peripheral light-harvesting complex. The
absorbing pigments within the LH2 complex of Rps. acidophila are bacteriochlo-
rophyll (BChl) a and the carotenoid (Car) rhodopin glucoside.

Bacteriochlorophyll a is a pigment that occurs in phototrophic bacteria for pur-
pose of light-harvesting. The molecular structure of BChl a is shown on the left
hand side of Fig. 2.4. The BChl a molecules consists of a tetrapyrrole ring hosting
a central magnesium atom (Mg2+) shown in pink and a long phytol chain tail.
The pythol chain is oriented almost perpendicular to the bacteriochlorin macro-
cycle. Furthermore, the two transition-dipole moments of the tetrapyrrole ring
are shown as red and blue arrows, respectively.

Figure 2.4.: Bacteriochlorophyll (BChl) a: On the left hand side the molecular struc-
ture of BChl a is visualized in grey. The central magnesium atom (Mg2+) in the center
of the bacterioclorin ring is highlighted in pink. The molecular structure was rendered
with PyMOL (Schrödinger). On the right hand side the absorption spectrum of BChl a
is shown. Data of the absorption spectrum is taken from [36]. For details see text.

On the right hand side of Fig. 2.4 the absorption spectrum of BChl a is shown.
The intense absorption band at 770 nm in the near infrared (IR) and the ab-
sorption band located at 590 nm correspond to the transitions into the first and
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second excited singlet state and are denoted as Qy and Qx, respectively. Their
transition-dipole moments both originate in the perpendicular transition dipole
moments of the bacteriochlorin ring (indicated by the red and blue arrow). The
broad absorption band in the ultraviolet range (UV) between 300 nm and 400 nm
corresponds to transitions into higher excited singlet states and is named Soret
band.

The name carotenoids refers to a group of molecules that in principle all share
the same general structure: A polyene chain with a length of 9 to 11 alternating
double bonds. At both ends of the polyene chain terminating rings may appear.
The molecular structure of the carotenoid rhodopin glucoside, that is incorpo-
rated in the LH2 complex of Rps. acidophila, is shown in green on the left hand
side of Fig. 2.5. Both, the long polyene chain backbone as well as the terminal
ring, are visualized. On the right hand side of Fig. 2.5 the absorption spectrum
of rhodopin glucoside is shown. The broad absorption band is located around
500 nm in the visible (VIS) wavelength range. Thus, the carotenoid rhodopin
glucoside allows for the absorption of light where BChl a shows nearly no ab-
sorption, compare right hand side of Fig. 2.4.

Figure 2.5.: The carotenoid rhodopin glucoside: On the left hand side the molecu-
lar structure of the carotenoid rhodopin glucoside is visualized in green. The molecular
structure was rendered with PyMOL (Schrödinger). On the right hand side the absorp-
tion spectrum of rhodopin glucoside is shown. Data of the absorption spectrum taken
from [36]. For details see text.

The LH2 complex of Rps. acidophila consists of nine identical subunits. Each
of these basic building blocks comprises two apoproteins that act as scaffold
for the absorbing pigments BChl a and the carotenoid rhodopin glucoside. In
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each of the subunits the pair of apoproteins holds in place three bacteriochloro-
phyll a molecules and one rhodopin glucoside carotenoid molecule. A schematic
drawing of the basic building block of the LH2 complex of Rps. acidophila is
shown in Fig. 2.6. The two apoproteins are visualized as helices of light blue and
grey color, respectively. One of the BChl a molecules, shown in yellow, has its
tetrapyrrole ring oriented perpendicular to the symmetry axis of the two apopro-
teins. The other two BChl a molecules per subunit, both colored in red, are in
close contact to each other and the planes of their tetrapyrrole rings are oriented
parallel to the symmetry axis of the two apoproteins. The carotenoid molecule
of rhodopin glucoside, colored in green, winds along between the three BChl a
molecules and the apoprotein helices and lies almost diagonal within the basic
building block of the LH2 complex.

(a) apoproteins plus
BChl a molecules

(b) apoproteins plus
BChl a and Car molecules

Figure 2.6.: The basic building block of the LH2 complex: Two apoproteins (grey and
light blue helices, respectively) act as a protein scaffold for the absorbing pigments. The
positions of the three BChl a molecules is shown in (a). One of the BChl a molecules has
its tetrapyrrole ring oriented perpendicular to the symmetry axis of the two apoproteins
(yellow). The other two BChl a molecules (red) are in close contact to each other and
the planes of their tetrapyrrole rings are oriented parallel to the symmetry axis of the
two apoprotein helices. In (b) additionally the Car molecule of rhodopin glucoside is
shown (green). Both graphics were rendered with PyMOL (Schrödinger). For detailed
description see text.

Finally, the LH2 complex of Rps. acidophila is a ring formed by nine of such
subunits. Two views, one tilted view and one top view, of the complete LH2
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complex Rps. acidophila are shown in Fig. 2.7. The apoproteins form two cylin-
ders, one inner cylinder (light blue color) and one outer cylinder (grey color),
that act as scaffold and hold in place the non-covalently bound pigments, 27
BChl a molecules and 9 Car molecules. Due to their almost diagonal position
within the basic building block, the Car molecules of rhodopin glucoside sta-
bilize the LH2 ring ranging from one subunit to the next. Thus, the Car has a
stabilizing function within the LH2 complex and most species of purple bacteria
cannot form LH2 complexes without Car pigments [37, 38]. Moreover, the dense
packing of the absorbing pigments can be clearly seen in both views.

(a) tilted view (b) top view

Figure 2.7.: The light harvesting complex 2 (LH2) of Rps. acidophila: A tilted view
(a) and a top view (b) of the LH2 complex is shown. The apoproteins that form the inner
and the outer cylinder (grey and light blue color, respectively) that hold in place the non-
covalently bound pigments are shown as helices. The two groups of BChl a molecules are
shown in red and yellow, respectively, depending on how their bacteriochlorin rings are
oriented with respect to the symmetry axis of the LH2 ring. Car molecules are shown in
green. Both graphics were rendered with PyMOL (Schrödinger). For detailed description
see text.

The room temperature absorption spectrum of isolated LH2 complexes of Rps.
acidophila in detergent solution is shown in Fig. 2.8(a). It clearly allows for iden-
tification of the contribution of the different pigments. In order to identify the
different absorption bands, the absorption spectrum of the isolated LH2 complex
is compared with the absorption spectra of the isolated pigments, see Fig. 2.4 and
Fig. 2.5. Thus, the distinct absorption bands below 600 nm are easily identified.

12



2.2. Peripheral light-harvesting complexes (LH2) in purple bacteria

The absorption bands at 400 nm and 600 nm originate in the BChl a pigment,
whereas the three peaks in the range of 450 nm and 550 nm clearly correspond
to the Car absorption spectrum. Thus, the combination of pigments allows the
LH2 complex for absorption in a broad range over the VIS wavelength spectrum.
The two intense absorption peaks located at 800 nm and 850 nm in the absorp-
tion spectrum of the LH2 complex are also attributed to the BChl a pigments
within the LH2 complex. Two rings are formed by the BChl a molecules as vi-
sualized in Fig. 2.8(b). In analogy to the description of the basic building block
of the LH2 complex above, these two groups of molecules are colored in yellow
and red respectively, in order to visualize their distinction based on the differ-
ent orientation of their BChl a molecules within the LH2 ring. The absorption
band located at 800 nm originates from those 9 BChl a molecules, that have their
tetrapyrrole rings oriented perpendicular to the symmetry axis of the LH2 ring
and are shown in yellow. Thus, this group of BChl a molecules is also referred
to as the B800 ring. The spectral shift of about 30 nm with respect to the Qy

absorption band of isolated BChl a, compare Fig. 2.4, is due to the non-covalent
bonding with the surrounding apoproteins [39].

(a) Absorption spectrum (b) BChl a rings: B800 and B850

Figure 2.8.: The absorption spectrum of the LH2 complex of Rps. acidophila: In
(a) the absorption spectrum of the LH2 complex of Rps. acidophila in detergent solution
(20 mM Tris-HCl, pH 8.0, 0.05% LDAO) is shown. (b) visualizes the two rings of
BChl a molecules: the B800 ring is shown in yellow whereas the B850 ring is colored
red. The molecular structure of the two rings was rendered with PyMOL (Schrödinger).
Data of the absorption spectrum is taken from [39]. For detailed description see text.

The strong absorption band located at 850 nm is attributed to the other group of
18 BChl a molecules, shown in red in Fig. 2.8b. This ring of BChl a molecules is
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called B850 ring due to the location of the absorption band. All molecules within
the B850 ring have oriented their tetrapyrrole rings parallel to the symmetry axis
of the LH2 ring which leads to small intermolecular distances. This results in
strong interaction of the transition moments of the single molecules within this
ring. Thus, the pronounced shift of the absorption peak with respect to the Qy

absorption band of isolated BChl a, see Fig. 2.4, is mainly caused by excitonic
effects resulting from the strong interaction of the single B850 BChl a molecules
[40].

2.3. Photophysics of the LH2 complex: electronic

structure and electronic excitations

The photophysics of LH2 complexes will be explained using the standard LH2
complex of Rps. acidophila as described above as an example.

The photophysics of an isolated LH2 complex is directly related to the incorpo-
rated pigments. Focusing on the strong absorption bands of the LH2 complex
in the IR range, both rings of BChl a molecules, namely the B800 and the B850
ring, act as absorbing pigments. In Fig. 2.9 the two rings of BChl a molecules
are visualized in red and yellow, respectively. Absorption of light results in the
creation of singlet excitations on the BChl a molecules of the different rings. For
the B800 ring, due to the relatively large distance between the BChl a molecules
within the LH2 ring, there is only weak coupling observed and the electronic ex-
citation is only slightly delocalized along the ring of molecules [36, 41, 42]. Thus,
it is often approximated as rather localized on the individual pigments [43, 44]
as indicated by the yellow clouds around the bacteriochlorin rings of the B800
molecules in Fig. 2.9. Subsequently, the excitation energy is either transferred to
another, neighboring BChl a molecule by intra-band energy transfer within 1 ps
[45, 46, 44] or alternatively transferred to the B850 ring on a similar timescale
[44, 45, 47]. Both competing energy transfer processes are visualized in Fig. 2.9
by arrows between the B800 and B850 molecules, respectively.

In contrast to the B800 ring, the B850 ring of the LH2 complex shows strong
coupling of the BChl a molecules due to the rather close arrangement of the
individual molecules within the LH2 complex. As a result of this strong interac-
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tion between the BChl a molecules, the electronic excitation within the B850 ring
delocalizes over the entire ring forming excitons [48, 49, 50] immediately after
creation and finally equilibrates on a few BChl a molecules within a few tens
of femtoseconds (fs) [51, 1, 52]. A detailed theoretical and mathematical formu-
lation and description of the delocalized excitons within the B850 ring can be
found in detail in literature [36]. The delocalization of the electronic excitations
along the B850 ring of the LH2 complex is visualized in Fig. 2.9 in pale red color.
The transfer of energy between the BChl a molecules of the B850 ring happens
extremely fast within a few hundred femtoseconds (fs) [45].

Figure 2.9.: Electronic excitations in the B800 and B850 ring of LH2: The BChl a
molecules of the B800 and B850 rings within the LH2 complex are visualized in yellow
and red, respectively. Electronic excitations created in the B800 ring are rather localized
on the individual pigments, indicated by the yellow clouds around the bacteriochlorin
rings of the B800 molecules. In contrast, electronic excitation of the B850 ring delocalizes
immediately along the ring, as indicated in pale red color. Energy transfer processes
between the BChl a molecules are depicted by arrows. The molecular structure of the two
BChl a rings was rendered with PyMOL (Schrödinger). For details see text.

Neglecting the intra-band energy transfer processes within the B800 ring as well
as for the B850 ring allows for approximation of the excited states of the two
rings as single energy levels, respectively. Thus, the photophysics of the LH2
complex, which is closely related to its electronic structure, can be summarized
in an energy level diagram as shown in Fig. 2.10.
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Figure 2.10.: Energy level scheme for the LH2 complex of Rps. acidophila: The
excited states of the three groups of pigments, the B800 BChl a molecules, the B850
BChl a molecules and the Car molecules, are shown as single energy levels. The singlet
excitation levels of the B800 and the B850 ring are denoted as 1B800* and 1B850*,
respectively. The triplet states of the B850 and Car molecules are referred to as 3B850*
and 3Car*, respectively. Absorption of excitation light is depicted by red arrows, downhill
transitions between the distinct energy levels are depicted as grey arrows. For details see
text.

Absorption of excitation light (depicted as red arrows) results in the formation
of an excited singlet state 1B800* and 1B850* in the two rings of BChl a molecules
depending on the excitation wavelength. Energy transfer from the B800 to the
B850 ring occurs within 1 ps [44, 45, 47]. From the singlet excited state 1B850* of
the B850 ring, relaxation into the ground state occurs radiatively under emission
of fluorescence within 1 ns [1, 2]. Alternatively, the energy of the 1B850* state
can be transferred to the triplet state 3B850* via intersystem crossing (ISC) within
10 ns [53]. The population of the 3B850* triplet state occurs predominantly under
high illumination conditions. Relaxation from the 3B850* triplet state into the
ground state is observed on a timescale of about 70 µs [53, 54]1. The 3B850*
triplet state is highly sensitive for singlet oxygen, which is extremely harmful
for pigment-protein complexes such as the LH2 complex. Thus, the energy of
this triplet can also be transferred to an adjacent carotenoid molecule for reasons
of photoprotection [58, 59, 60]. The quenching of the 3B850* triplet state by the
carotenoid occurs via triplet-triplet energy transfer on a timescale of about 10 ns

1This value for the BChl triplet lifetime refers to LH2 complexes lacking carotenoids. For LH2
complexes containing carotenoid pigments a BChl triplet lifetime of about only 20 ns is reported,
due to quenching by the highly efficient triplet-triplet energy transfer from bacteriochlorophyll
to carotenoid [55, 56, 57].
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[57]. The lifetime of the 3Car* triplet state decay is reported to be in the range
of 7 µs [57]. Thus, additionally to their structural function mentioned above,
carotenoids are essential for photoprotection of the light-harvesting complex.
Finally, recognizing their photoprotective role allows for the formulation of a
simplified energy level scheme of the LH2 complex that disregards the 3B850*
triplet state, shown in Fig. 2.11.

Figure 2.11.: Simplified energy level scheme for the LH2 complex of Rps. aci-
dophila: The excited states of the three groups of pigments, the B800 BChl a molecules,
the B850 BChl a molecules and the Car molecules, are approximated as single energy
levels. The singlet excitation levels of the B800 and the B850 ring are denoted as 1B800*
and 1B850*, respectively. The triplet state of the Car molecules is referred to as 3Car*.
Absorption of excitation light is depicted by red arrows, downhill transitions between
the distinct energy levels are depicted as grey arrows. For details see text.

The electronic structure of the LH2 complex and the resulting kinetics of the
electronic excitations can be studied by means of optical spectroscopy. Previ-
ous studies on isolated LH2 complexes reported the occurrence of excitation-
excitation annihilation (EEA) processes as a function of the excitation conditions.
For high illumination conditions, such as high excitation energies per pulse, the
occurrence of multiple singlet excitations within the B850 ring of the LH2 com-
plex was reported. Thus, singlet-singlet annihilation (SSA) was observed due to
the high mobility of the delocalized excitons within the B850 ring [61]. From
these findings a lower limit of the critical value for the onset of the occurrence
of singlet-singlet annihilation processes in LH2 complexes was determined to
8 · 1014 photons/(pulse·cm2) [61]. Moreover, for the repetition rate of the exci-
tation laser pulses, which determines the temporal distance between the laser
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pulses, it was reported that values above 1 MHz may lead to an accumulation
of triplet states within the LH2 ring [62]. Moreover, when an LH2 complex still
carries a triplet excitation resulting from the previous pulse, the occurrence of
singlet-triplet annihilation (STA) has to be considered. Although the triplet ex-
citation within the LH2 complex is reported to be localized on one Car molecule
and thus can be expected as immobile [63, 64, 65], due to the high mobility of the
singlet excitation within the B850 ring singlet-triplet annihilation may occur. For
the situation of high laser repetition rates in combination with high excitation
power per pulse, even the occurrence of triplet-triplet annihilation (TTA) has to
be taken into account [62].

All excitation-excitation annihilation (EEA) processes described above follow a
general principle. A schematic drawing of this principle is shown in Fig. 2.12.

Figure 2.12.: Excitation-excitation annihilation (EEA) process: The general prin-
ciple of excitation-excitation annihilation is visualized. Two excitations are in close
proximity to each other. Excitations are represented by stars. First energy transfer takes
place such that one of the molecules relaxes to the ground state whereas the other is in a
higher excited stated. The second step is internal conversion. Thus, one excitation was
annihilated and only one molecule in the excited state is left. Visualization adapted from
[66]. For details see text.

Two excitations on two molecules, approximated as two level systems for sim-
plicity, are in close proximity to each other. The two molecules are named A
and B and the first excited state is denoted by a superscript *. In the first step
the energy of one of the molecules is transferred to the other. Depending on the
type of electronic excitation of the two molecules, the energy transfer mechanism
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of this step is either mediated via dipole-dipole interaction (Förster-type [67]) or
occurs via electron exchange (Dexter-type [68]) for singlet and triplet excitations,
respectively. After this first step of energy transfer within the process of EEA,
one molecule is in the ground state (A) whereas the other is now in a higher
excited state, denoted as B**. Then, by internal conversion the excited molecule
relaxes into the lowest excited state (B*), the same as before the annihilation oc-
curred. A detailed review on the theory of excitation-excitation annihilation can
be found in [66].

Although the single steps of energy transfer and internal conversion within the
process of excitation-excitation annihilation will not be resolved by optical spec-
troscopy, the occurrence of annihilation processes can be observed. Thus, in-
vestigation of the kinetics of electronic excitations by variation of the excitation
parameters is a well known principle of time-resolved spectroscopy [3, 69, 70].

2.3.1. The role of carotenoids in the photophysics of LH2

complexes

As already indicated in the previous section carotenoids play various roles within
bacterial light-harvesting complexes. Besides their stabilizing, structural func-
tion for the entire geometry of the LH2 complex [37, 59, 38, 71], these pig-
ment molecules serve at least two more fundamental functions within the pho-
tophysics of bacterial light-harvesting complexes: light harvesting as well as
photoprotection [58, 59, 60].

The photoprotective role of carotenoids in LH2 complexes of purple bacteria
has already been mentioned above when describing the energy level scheme
of the LH2 complex of Rps. acidophila. By quenching of the bacteriochlorophyll
(BChl) triplet excitation via triplet-triplet energy transfer to the carotenoid triplet
state of an adjacent carotenoid molecule, the harmful reaction of the BChl triplet
with molecular oxygen is prevented [58, 60]. Thus, due to their photoprotective
characteristics carotenoids play an essential role for the integrity of the bacte-
rial LH2 complex [72]. The light-harvesting function of carotenoids within LH2
complexes was slightly indicated before, when describing the building prin-
ciple of peripheral bacterial light-harvesting complexes, LH2 complexes. The
carotenoid pigments incorporated into the LH2 complex of purple bacteria result
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in significant absorption peaks in the visible (VIS) region of the electromagnetic
wavelength spectrum, mostly located between 450 nm and 550 nm, compare also
Figures 2.5 and 2.8a. Thus, the incorporation of carotenoids within the LH2
complex allows for absorption of sun light which would otherwise not be acces-
sible for the bacterial metabolism and expands the number of possible habitats
of purple bacteria.

In order to illustrate the light-harvesting function of carotenoids within LH2
complexes, Fig. 2.13 shows a simplified2 energy level scheme of the LH2 complex
of Rps. acidophila in similar manner as before, but now considering excitation of
the carotenoid molecules.

Figure 2.13.: Simplified energy level scheme for the LH2 complex of Rps.
acidophila considering carotenoid excitation as well as carotenoid-to-
bacteriochlorophyll energy transfer: The excited states of the three groups of pig-
ments, the B800 BChl a molecules, the B850 BChl a molecules and the Car molecules,
are approximated as single energy levels. The singlet excited state of the Car molecules,
resulting from carotenoid excitation, is referred to as 1Car*. The singlet excitation levels
of the B800 and the B850 ring are denoted as 1B800* and 1B850*, respectively. The
triplet state of the Car molecules is referred to as 3Car*. Absorption of excitation light
is depicted by red arrows, downhill transitions between the distinct energy levels are
depicted as grey arrows. For details see text.

Absorption of sunlight by the carotenoid molecules incorporated within the LH2

2The photophysics of carotenoids themselves as well as when these molecules are incorpo-
rated in LH2 complexes is complex and still matter of investigations. Thus, here the focus lies
on the essential aspects of carotenoids for baterial light-harvesting. An overview of the photo-
physics of carotenoids in general is given in Appendix A.
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complex results in a singlet excitation of the absorbing carotenoid molecule3.
By energy transfer of this singlet excitation from the carotenoid to an adjacent
BChl a molecule in close proximity, the absorbed energy is fed into the down-
hill energy cascade of the LH2 complex as outlined before and known from the
energy level scheme shown above, compare Figures 2.10 and 2.11. Thus, the ex-
citation of carotenoid pigments within the LH2 complex can be considers as an
‘alternative‘ excitation pathway of the bacteriochlorophyll molecules, resulting
in approximately similar kinetics.

The energy transfer from the carotenoid is reported to occur to both groups of
BChl a pigments within the LH2 complex, the B800 ring as well as the B850 ring
[73, 74, 75, 71]. Both, the energy transfer efficiency as well as the transfer time of
the carotenoid-to-bacteriochlorophyll energy transfer within the LH2 complex
are reported to vary significantly for different species of purple bacteria. The
energy transfer efficiency varies from 25% for LH2 of Rps. palustris up to almost
100% for LH2 of Rba. sphaeroides [76, 73, 63]. Regarding the energy transfer
times of the carotenoid-to-bacteriochlorophyll energy transfer within LH2, time
values ranging from below hundred fs up to 10 ps are reported [73, 77]. Thus, the
incorporation of carotenoid molecules allows for highly efficient light-harvesting
of bacterial LH2 complexes.

2.4. Spectral variation of LH2 complexes for

di�erent species of purple bacteria

The LH2 complex of Rps. acidophila featuring the characteristic absorption bands
at 800 nm and 850 nm described above is often referred to as ‘standard‘ LH2
complex. This is not only due to the fact that its structure was the first avail-
able at high resolution from X-ray crystallization [22]. Moreover, also the LH2
complex of Phs. molischianum, which corresponds to the other structure of an
LH2 complex that is known at high resolution until now [23], exhibits a similar
absorption spectrum. For low-light (LL) growth conditions a spectral shift of
the B850 absorption band to 820 nm is observed for the LH2 complex of Rps.
acidophila. As this LH2 complex is the third in the group of three, for which

3For simplicity this excitation of the carotenoid is only referred to as a singlet excitation
for the moment without naming any details, neglecting the complex and yet not fully resolved
photophysics of carotenoids as outlined in Appendix A.
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the structure is known at high resolution at the moment, comparison with the
‘standard‘ LH2 complex grown at high-light (HL) intensities allows for inves-
tigation of this phenomenon. Whereas both LH2 complexes of Rps. acidophila
exhibit a nonameric symmetry of their LH2 ring, for the LH2 complex grown at
LL intensities structural changes in the sequence of amino acids of the apopro-
teins were found [78]. As a result of this, different binding of the B850 BChl a
molecules within the apoprotein scaffold occurs, and thus the absorption band
is shifted to 820 nm for the LL LH2 complex [79].

Interestingly, in general, the LH2 complexes of various purple bacteria show
a strong spectral variation of the absorption bands in the near infrared (IR)
range. The absorption spectra of isolated LH2 complexes in detergent solution
are shown in Fig. 2.14 for different species of purple bacteria.

Figure 2.14.: Spectral heterogeneity of LH2 complexes: The absorption spectra of
isolated LH2 complexes in detergent solution are shown for different species of purple
bacteria. The absorption spectrum of the ‘standard‘ LH2 complex of Rps. acidophila
grown at high-light (HL) intensities is shown in black, the spectrum for LH2 complexes
grown at low-light (LL) intensities is shown in red below. In green and blue the absorp-
tion spectra for LH2 complexes of Rps. palustris grown at HL and LL contitions are
shown, respectively. At the bottom, the absorption spectrum of the B830 LH2 complex
of Marichromatium purpuratum is shown in purple. Data for Rps. acidophila and Mch.
purpuratum taken from [80]. Data for Rps. palustris taken from [36]. For details see
text.
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At the top, the ‘standard‘ absorption spectrum of the LH2 complex of Rps. aci-
dophila grown at HL intensity as well as for the LH2 complex grown at LL inten-
sities is shown in black and red, respectively. The influence of the grow condi-
tions is clearly seen, as the B850 absorption band shifts to 820 nm for LL intensity
growth conditions. Below, the absorption spectra of the LH2 complexes of Rps.
palustris are illustrated for both, HL (green) and LL (blue) growth conditions.
Whereas the HL LH2 complex of Rps. palustris exhibits similar positions of the
absorption bands as the ‘standard‘ absorption spectrum of Rps. acidophila, for
LL growth conditions the B850 band nearly vanishes. At the bottom of Fig. 2.14,
the unusual absorption characteristics of the B830 LH2 of Marichromatium pur-
puratum is shown. The absorption maximum is located at 830 nm such that the
B800 absorption peak almost disappears and reduces to a shoulder of the broad
absorption band.

The origin of the variation of the spectral positions is not only attributed to
structural changes of the apoproteins resulting in different binding of the BChl a
molecules [79], moreover for species exhibiting non-standard absorption spec-
tra heterogeneous apoprotein compositions of the LH2 complexes are reported
[81, 82, 25, 26]. This feature is strikingly different to the ‘standard‘ LH2 com-
plexes of Rps. acidophila described above, which have homogeneous apoprotein
compositions [26]. The definition of a homogeneous or heterogeneous apopro-
tein composition refers to the composition of the apoproteins within one LH2
ring, forming the protein scaffold for the enclosed pigments, as illustrated in
Fig. 2.15.

Figure 2.15.: Different apoprotein compositions of the LH2 ring: Whereas homo-
geneous apoprotein compositions suggest that within one LH2 ring only one type of
apoprotein occurs, different LH2 complexes may have different apoproteins. In contrast,
a heterogeneous apoprotein composition refers to the fact that one LH2 ring is formed
by several types of apoproteins. Different types of apoproteins are visualized by different
colors.
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Whereas LH2 complexes of Rps. acidophila have a homogeneous apoprotein com-
position for both growth conditions, the apoproteins are different for HL and
LL growth intensities [25]. In contrast, the LH2 complexes of most of the purple
bacteria exhibiting non-standard absorption characteristics have a heterogeneous
apoprotein composition such that within one ring different apoproteins appear
[26].

As the growth of high-quality crystals for X-ray diffraction analysis is extremely
difficult for non-standard LH2 complexes, the determination of their precise
structure is still object of current research. However, the electronic structure of
an LH2 complex is strongly correlated to its geometrical structure. In order to
investigate the structure of an LH2 complex the comparison of spectra resulting
from optical spectroscopy, which allows for probing the electronic structure of
the LH2 complex, and spectra calculated and resulting from an assumed struc-
tural model of the respective LH2 complex, allows for indirect investigation of
the geometrical structure of the LH2 complex. On basis of the agreement or mis-
match of the compared spectra the structural model underlying the calculated
spectra, proposing a geometric structure for the LH2 complex, can be either con-
firmed or not, giving rise to further refinements. Thus, optical spectroscopy is a
powerful tool that allows for drawing conclusions on the geometrical structure
of the LH2 complex, especially for single-molecule spectroscopy [83].

2.5. The peripheral B830 LH2 complex of

Marichromatium purpuratum

The peripheral light-harvesting complex of the marine purple bacterium Marichro-
matium (Mch.) purpuratum was first described in 1990 [84] and prooven to be
extremely stable, regarding high concentrations of salt, detergents and organic
solvents [85]. Due to its unusual absorption characteristics, as shown in Fig. 2.16,
it is often referred to as B830 LH2 complex. In contrast to the ‘standard‘ LH2 of
Rps. acidophila only one strong absorption band located at 830 nm appears, the
expected B800 nm peak reduces to a small shoulder, compare also Fig. 2.14. The
pigments within the B830 LH2 complex were identified as BChl a and the rather
unusual keto-carotenoid carotenoid okenone [84].
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Detailed biochemical analysis revealed that upon variation of growth conditions,
such as high-light or low-light intensities, no spectral variation of the B830 LH2
complex was observed [85, 86, 87], which is in contrast to the LH2 complexes
of many other species of purple bacteria [88, 89, 90, 91, 92, 93, 82]. Moreover, a
heterogeneous apoprotein composition was found for the B830 LH2 complex of
Mch. purpuratum [87, 85, 86]. Detailed analysis of the apoproteins even resulted
in the hypothesis that one apoprotein pair, as the basic building block of the
LH2 ring, might contain more than the usual three BChl a molecules due to the
possibility of an additional BChl a binding site [85]. Additionally, a very strong
interaction of the BChl a molecules and the carotenoid okenone was reported for
the B830 LH2 complex of Mch. purpuratum [63].

Figure 2.16.: Absorption spectrum of the B830 LH2 complex of Mch. purpuratum:
The absorption spectrum of isolated B830 LH2 complexes in detergent solution (20 mM
HEPES, 0.1% LDAO, pH 7.8) is shown. For details see text.

From preliminary X-ray analysis an octameric symmetry was proposed for the
B830 LH2 complex [94]. Moreover, it was found that the apoproteins of the LH2
of Mch. purpuratum, which form the protein scaffold for the enclosed pigments,
show a high degree of homology in their sequences of amino acids in compari-
son with those of the ‘standard‘ LH2 of Rps. acidophila [94, 86]. Thus, the general
assumption that the B830 LH2 complex of Mch. purpuratum follows the same
modular building principle as the ‘standard‘ LH2 complex of Rps. acidophila is
reasonable [94].
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2.5.1. The structure of the B830 LH2 complex of

Marichromatium purpuratum

Very recently the structure of the B830 LH2 complex of Mch. purpuratum was
resolved at high resolution by electron cryo-microscopy (cryo-EM) [95, 96]. The
symmetry of the B830 LH2 complex was found to be heptameric, hosting three
BChl a and two molecules of the caroteoid okenon per apoprotein pair. A tilted
view and a top view of the structure of the LH2 complex of Mch. purpuratum are
shown in Fig. 2.17.

(a) tilted view (b) top view

Figure 2.17.: The B830 LH2 complex of Mch. purpuratum: A tilted view (a) and
a top view (b) of the B830 LH2 complex is show. The apoproteins are visualized as
helices of grey and pale cyan color corrsponding to the outer and inner apoproteins,
respectively. The pigment Bchl a molecules of the two rings, the B800 ring and the B830
ring, are visualized in yellow and red color, respectively. The two carotenoid molecules
of okenone are visualized in green and blue color. Both graphics were rendered with
PyMOL (Schrödinger). For details see text.

In order to allow for comparison with the previously shown structure of the
‘standard‘ LH2 complex of Rps. acidophila the same color code was chosen for
visualization of the distinct molecules. Thus, the inner and outer apoproteins
holding in place the pigment molecules of the LH2 complex are visualized as
helices of gray and pale cyan color, respectively. The BChl a pigment molecules
are shown in yellow and red, representing the different orientations of their
bacteriochlorin rings with respect to the symmetry axis of the apoprotein helices.
The two carotenoid molecules of okenone are shown in green and blue color.
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The BChl a molecules within the LH2 complex of Mch. purpuratum are orga-
nized in a similar manner as in the ‘standard‘ LH2 complex of Rps. acidophila
described before, forming two groups of molecules, the B800 and the B830 ring.
Concerning the two carotenoid molecules of okenone per apoprotein pair, one
of the carotenoid molecules is oriented similarly as in the ‘standard‘ LH2 com-
plex of Rps. acidophila, thus, running almost parallel to the apoprotein helices.
This okenone molecule, also referred to as Car1 in the following, is visualized in
green in Fig. 2.17. In contrast, the second carotenoid molecule of okenone, in the
following also referred to as Car2, is oriented significantly different within the
LH2 complex, lying at almost medium height of the LH2 complex and at right
angles to apoprotein helices. In order to allow for visualization of this special
pigment arrangement within the B830 LH2 complex a side view of the structure
of the LH2 complex as well as a top view illustrating the pigment arrangement
without the apoprotein helices are shown in Fig. 2.18.

(a) side view
with apoproteins

(b) tilted view
pigments only

Figure 2.18.: The pigment arrangement within the B830 LH2 complex of Mch.
purpuratum: A side view (a) and a top view (b) of the B830 LH2 complex are show.
Whereas the side view (a) includes the visualization of the apoproteins as helices of grey
and pale cyan color, respectively, the top view on the right hand side (b) shows only
the incorporated pigments. The Bchl a molecules of the two rings, the B800 ring and
the B830 ring, are visualized in yellow and red color, respectively. The two carotenoid
molecules of okenone, Car1 and Car2, are visualized in green and blue color, respectively,
thus clearly illustrating their fundamental different orientation within the LH2 complex.
Both graphics were rendered with PyMOL (Schrödinger). For details see text.
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The color code of this visualization was chosen as before, in order to allow for
comparison between the different figures. The inner and outer apoproteins of
the protein scaffold for the pigment molecules are visualized as helices of gray
and pale cyan color, respectively. The BChl a pigments are shown in yellow
and red, representing their assignment to the B800 and the B830 ring of BChl
a molecules, respectively. The two carotenoid molecules of okenone are shown
in green and blue color, in order to allow for distinction of the two molecule
differing their fundamental different orientation within the B830 LH2 complex.

The two groups of carotenoid molecules within the B830 LH2 complex do not
only differ in their position and arrangement within the LH2 complex but also
appear in different molecular configuration of the okenone molecule, compare
Fig. 2.19.

(a) chemical structure (b) molecular conformation

Figure 2.19.: Different molecular conformations of the carotenoid okenone
within the B830 LH2 complex of Mch. purpuratum: The chemical structures (a)
as well as the corresponding molecular conformations of the Car1 and Car2 okenone
molecules within the B830 LH2 complex are visualized. As before, Car1 adopting an
all− trans conformation is represented in green, wheres the Car2 okenone molecule that
adopts a 9− cis conformation is shown in blue. Both graphics in (b) were rendered with
PyMOL (Schrödinger). For details see text.

Whereas the Car1 okenone molecule adopts an all − trans configuration, which
is common for carotenoids incorporated in LH2 complexes of purple bacteria
[59, 97, 72, 60], the newly identified second okenone molecule per apoprotein
pair (Car2) adopts a 9 − cis configuration. This molecular conformation of
carotenoid molecules is usually observed for carotenoids in RC-LH1 complexes
and not in those peripheral LH2 complexes of the bacterial photosynthetic ap-
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paratus [59, 97, 98, 60]. Although the chemical composition of the two okenone
molecules is identical, their chemical structure and thus their molecular geome-
try is significantly different, as can be seen in Fig. 2.19.

Notably, both, the presence of a second carotenoid molecule per apoprotein pair
as well as the fact that it adopts a 9− cis conformation, are unique structural fea-
tures of the B830 LH2 complex of Mch. purpuratum and have not been reported
before [95, 96]. Neither, the LH2 complex of Rps. acidophila nor the LH2 complex
of Rhodospirillium (Rsp.) molischianum, which are the only other two bacterial
light harvesting complexes whose structures are known at high resolution, fea-
ture such a second carotenoid per apoprotein pair [22, 24, 23].

Although the LH2 complex of Mch. purpuratum was intensely studied by bio-
chemical methods in the past [84, 87, 99, 85, 86] only a few experiments of op-
tical spectroscopy were performed, focusing mainly on the photophysics of the
enclosed carotenoid okenone [100, 101]. Thus, in this thesis the electronic struc-
ture and the resulting kinetics of the electronic excitations within the B830 LH2
complex of Mch. purpuratum will be investigated by time-resolved optical spec-
troscopy.
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3. Material and Methods

In this chapter, first the preparation of the light harvesting complexes and the
handling of the samples is described. Afterwards, the two experimental setups
used for the optical experiments are described in detail. In particular the work-
ing principle and two important acquisition modes of the streak camera are
explained.

3.1. Preparation of light harvesting complexes

The samples used for the experiments in this thesis were isolated LH2 complexes
in solution, ready for use. They were provided by the groups of Prof. Richard
Cogdell, University of Glasgow, and Prof. Neil Hunter, University of Sheffield,
both United Kingdom.

3.1.1. Isolation of LH2 complexes from purple bacteria

The process of the purification of LH2 complexes from purple bacteria has been
described in the literature in detail for Marichromatium purpuratum [84, 85, 94, 86]
and several other species of purple bacteria [91, 80]. Nevertheless, in the follow-
ing the basic principle of LH2 purification will be outlined schematically. Fig-
ure 3.1 shows a flow chart roughly visualizing the purification process.

In the first step of the process about three liters of LH2 containing bacteria cells
are grown in a nutrient solution. After several days of growth those cells are
broken by using a french press with an operating pressure of about 1.4 bar,
see step 2 in Fig. 3.1. For better breaking of the cell membranes this step is
repeated once. The next step, step 3 in Fig. 3.1, is the separation of the broken
membranes and other solid parts from the liquid part of the solution. This
is done by centrifugation at 15,000 rotations per minute (rpm) for 15 minutes.
After centrifugation the centrifuge tube contains a highly viscous, dark purple
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colored solution of broken cells at the bottom of the tube and on top a nearly
transparent aqueous phase which can be removed easily.

Figure 3.1.: Flow chart visualizing the LH2 purification process: After growing
and breaking of bacteria cells subsequent separation of components and analysis allows
purification of LH2 complexes. For details see text.

To further isolate the solid parts of the broken cells in the viscous phase a su-
crose density gradient centrifugation is done with 27,000 rpm for 10 hours, step
4 in Fig. 3.1. After centrifugation the tube shows clearly separated and differ-
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ently coloured layers. Whereas the big and heavy membrane segments of the
lipid bilayer are found in the layers at the bottom of the tube, the LH2 com-
plexes are found in higher lying layers of bright purple to dark red colour. Us-
ing a pasteur pipette allows withdrawal of the individual layers and separation
of the layer of concentrated LH2 complexes, which is solubilised in a 20 mM
pH 7.8 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, purchased
from Sigma Aldrich) buffer solution containing the detergent LDAO (Dode-
cyldimethylaminoxid, purchased from Sigma Aldrich). The detergent is added
to prevent aggregation of the LH2 complexes. The next step towards isolation
is done by size exclusion chromatography which allows separation of particles
by their size and molecular weight, step 5 in Fig. 3.1. After adding a resin con-
taining buffer a gravity column is loaded with the concentrated LH2 solution.
Washing the loaded column with an appropriate elution buffer several bands
of bright purple color appear in the column, corresponding to different sizes
and molecular weights of LH2 complexes. Further washing of the column leads
to a movement of the bands to the bottom of the column, whereas the mutual
separation of the bands is maintained. During all the washing of the column
fractions of 20 ml are collected at the bottom of the column for further analysis.
After washing the complete column absorption spectra are recorded for each of
the collected 20 ml fractions, step 6 in Fig. 3.1. The spectra are analyzed by calcu-
lation of the absorption ratios at 850 nm and 280 nm and only fractions fullfilling
the criterion of a A(850)/A(280) ratio higher than 2.8 are used for further purifi-
cation. The selected fractions are collected and concentrated and run afterwards
on a gel filtration column to further separate the LH2 complexes of different
size, step 7 in Fig. 3.1. During gel filtration fractions of 5 ml are collected and
again absorption spectra are taken. By calculation of the A(850)/A(280) ratio
only fractions with ratios above 3 are selected for final concentration, step 8 in
Fig. 3.1. Finally this gives about 1-2 ml of purified LH2 complexes in solution
which are best stored in the dark and below 5◦C in the refrigerator.

3.1.2. Handling of isolated LH2 complexes for optical

measurements

Samples of isolated LH2 complexes in HEPES buffer (20 mM HEPES, 0.1% LDAO,
pH 7.8) were obtained by the procedure outlined above in the United Kingdom
and arrived at the University of Bayreuth ready for use. They were checked
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for quality by taking an absorption spectrum with an UV-VIS absorption spec-
trometer (Lambda750, Perkin Elmer) using a 2 mm quarz cuvette. For optical
measurements samples were diluted to an optical density of 0.04 OD at a wave-
length of 790 nm, corresponding to a concentration of 140 µM of LH2 complexes.
For dilution a HEPES buffer (20 mM HEPES, 0.1% LDAO, pH 7.8) was used and
an enzymatic oxygen scavenger was added to prevent chemical damage due
to contact with oxygen. The enzymatic oxygen scavenger buffer was prepared
analogously to a previously published recipe [102]. The 0.1% volume concen-
tration of the detergent LDAO corresponds to a molar concentration of about
4 mM, which is well above the critical micellar concentration (CMC) of 1-2 mM
reported for LDAO [103]. Thus, aggregation of the LH2 complexes can be ne-
glected and the LH2 complexes in detergent solution can be assumed as isolated
and non-interacting.

3.2. Time-resolved spectroscopy

Time-resolved spectroscopy allows for the detection and resolution of the kinet-
ics of a fluorescent sample which is otherwise hidden and not resolvable by static
fluorescence spectroscopy. In general there are two methods of time-resolved
spectroscopy: measurements in the frequency domain (FD) and measurements
in the time domain (TD). The basic principle of temporal resolution is the de-
tection of the transient information and subsequent data processing. Regarding
measurements in the time domain the detection of the transient information re-
sulting from repetitive excitation of a sample requires an appropriate detector
and/or detection technique. In practice there are several ways of realization,
such as gated detection, also called sampling technique, time-correlated single
photon counting (TCSPC) or the use of a streak camera. Within this thesis time-
resolved experiments using a streak camera as well as those using TCSPC were
performed. The corresponding two experimental setups will be outlined below.

3.2.1. Time-resolved spectroscopy using a Streak-camera

In Fig. 3.2 a schematic drawing of the optical setup used for time-resolved spec-
troscopy employing a streak camera is shown. A picosecond (ps) pulsed titan-
sapphire laser (Ti:Sa, Tsunami, Spectra Physis) with a pulse repetition rate of
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80 MHz and a pulse width of 2 ps was used as light source operating at a wave-
length of 790 nm. It was pumped by a 532 nm continuous wave (cw) 10 W
Neodymium-doped yttrium orthovanadate laser (Nd:YVO4, Verdi G10, Coher-
ent). A glass wedge allowed splitting off a beam of low intensity from the main
excitation for inspection purposes. The inspection beam was directed towards
an autocorrelator (PulseCheck, APE Berlin) for supervision of pulse shape and
stability and into a trigger diode (PIN Diode Head C1808-03, Hamamatsu Pho-
tonics) which is needed for temporal synchronization of optical and electronic
signals as described below in detail.

Figure 3.2.: Optical setup: The schematic drawing visualizes the optical setup. Laser
signals and detected fluorescence are shown as solid lines, electronic signals are shown
as dashed lines. For details see text.

The main excitation beam enters a pulse picker unit (Model 3980, Spectra Physics)
which allows changes of the pulse repetition rate by use of an accusto-optical
modulator (AOM) by factors of 10, 40, 160 and 1600 to repetition rates of 8 MHz,
2 MHz, 0.5 MHz and 0.05 MHz. For measurements at the fundamental repeti-
tion rate of 80 MHz of the Ti:Sa the excitation beam is directed around the pulse
picker unit by an optical bypass. After leaving the pulse picker unit the ex-
citation light passes a variable neutral density filter which allows variation of
the excitation intensity. Finally a lens of focal length 30 mm focuses the exci-
tation light onto the sample which is inside a home-built rotating cuvette to
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prevent chemical damage of the sample due to strong illumination and to avoid
bleaching effects. The rotation frequency of the cuvette was 6,6 Hz for all mea-
surements.

A lense of focal length 100 mm collects the fluorescence emission of the sample
in right angle geometry. A dielectric filter (LP 808, RazorEdge LP Edge Filter
808 RU, AHF) in the detection path allows for spectral selection of the fluores-
cence emission and removes any signal due to scattering of the excitation light.
Finally a lense of 100 mm focal length focuses the signal into the spectrometer
(Cromex 250 Imaging Spectrograph, Bruker Optics) just in front of the streak
camera (Streak Camera C5680, Hamamtsu Photonics). The purpose and func-
tion of the delay unit (C10647 and C1097-05, both from Hahamatsu Photonics)
and the CCD camera (CCD camera C4742-95-12ER, Hamamatsu Photonics) be-
hind the streak camera are described in detail in the next section.

For optical experiments the excitation photon fluence, in the following for rea-
sons of simplicity called fluence, is a parameter which is of special interest. It
is defined as the number of photons which arrive at the sample per pulse and
reference area, often approximated by the focal diameter. The fluence F can be
calculated from the experimental parameters: the excitation laser wavelength λ

and the laser pulse repetition rate RR. When additionally the continuous wave
(cw) laser power P of the experiment is known, the fluence F can be calculated
according to

F =
P

h c
λ

1
RR

1
A f ocus

(3.1)

with h as Planck constant, c as speed of light and A f ocus as reference area such
as the area of the focal spot.

Streak Camera: Working principle and acquisition modes

A streak camera is an electronic device that allows the detection of time-resolved
information by converting it into spatial information for the time range of pi-
coseconds (ps). Actually, the name camera is rather misleading as the streak
camera is no camera in traditional sense. The working principle of a streak
camera is shown in Fig. 3.3.
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Figure 3.3.: Principle of the streak camera: Photons of different wavelengths, inten-
sities and temporal information enter the streak camera by passing a horizontal slit. A
photocathode converts photons into electrons which are deflected within the deflection
unit according to their arrival times. Electrons corresponding to photons arriving earlier
are deflected less than electrons corresponding to photons arriving later. After signal
enhancement by a multi channel plate a streak camera image is visible on the phosphor
screen. For details see text. Adapted and modified from [104].

Light of different intensities, wavelengths (spectral information) and at different
times (temporal information) enters the streak camera through a horizontal slit
of variable height. Lenses focus the incoming light onto a photocathode where
photons are converted into electrons. These are accelerated into a deflection unit
which is similar to a plate capacitor. The electronic deflection unit, which is
triggered by the electronic signal from the trigger diode in the optical setup, al-
lows the synchronization of optical signals (incoming photons) and the voltage
applied to the deflection unit. Hence, electrons corresponding to photons arriv-
ing earlier at the deflection unit are deflected less as those that enter the streak
camera later. The delay unit shown in the optical setup, Fig. 3.2, as a grey box is
used for achieving the temporal synchronization just mentioned by applying an
additional time shift. A scheme of the deflection mechanism is shown in Fig. 3.4.

Finally a multi-channel plate (MCP) enhances the deflected electrons which af-
terwards hit a phosphor screen. The phosphor screen converts the electrons into
photons and shows a fluorescent image resulting from the electrons arriving at
different times. Whereas spectral information (wavelength) of the photons re-
mains unchanged their temporal information is made visible by the deflection
mechanism of the streak camera. Thus, the image on the phosphor screen has
two dimensions: spectral information along the horizontal axis and temporal in-
formation along the vertical axis. This fluorescent image on the phosphor screen
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is finally captured by the CCD camera just behind the streak camera as shown
in Fig. 3.2 and stored in computer memory. This final image, corresponding to
a three dimensional histogram where each pixel contains spectral information,
temporal information and the intensity, is called streak camera image.

Figure 3.4.: Deflection mechanism inside the streak camera: A sweep voltage is ap-
plied to the deflection unit resulting in a deflection which increases the later the photons
arrive in the streak camera. For details see text. Adapted and modified from [104].

Streak camera measurements always follow the general working principle just
described. Depending on the acquisition mode in which the streak camera is
operated, different signal processing is done and different information is acces-
sible. In the following two acquisition modes, the photon counting mode and the
dynamic photon counting mode, are described in detail.

Acquisition mode: Photon counting

This acquisition mode detects so-called single-photon-events. As already men-
tioned in the last section, photons entering the streak camera are converted to
electrons with a ratio of one to one. In this mode of acquisition the MCP is oper-
ated at the maximum voltage which leads to a multiplication of the electrons by
a factor of up to 104 resulting in the maximum sensitivity of the streak camera.
Thus, the resulting avalanche of electrons appears at the phosphor screen as a
smeared out, broad point instead of a single pixel. Streak camera measurements
in the photon counting mode are performed by summing up a predefined num-
ber of CCD images each with a suitable acquisition time for signal accumulation
at the phosphor screen. For all measurements in this thesis the acquisition time
of one CCD image was 61 ms. The number of exposures, that were accumulated
during the measurement of one streak camera image was chosen in order to ob-
tain a streak image of good signal to noise ratio (SNR). In the photon counting
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mode every single image of the CCD camera is processed by the software of the
streak camera (HPDTA 9.3, Hamamatsu Photonics) according to the following
three steps:

1. Signals resulting from the detection of a photon have to be discriminated
from signals due to accumulation of noise. By performing a calibration
measurement a threshold for the distinction of signals is determined. This
threshold depends on the electronic components and the operation options
of the streak camera, such as the MCP gain and the time range for example.
The threshold should be determined before any measurements or when
major changes of parameters haven been applied to the streak camera.
Only signals which exceed the threshold are classified as detected single
photons and are used for further signal processing. The basic principle of
this distinction of signals is shown in Fig. 3.5.

Figure 3.5.: Photon counting mode: Only signals exceeding the threshold value are
recognized as single photon events. For details see text. Adapted and modified from
[104].

2. Every detected signal exceeding the threshold is assigned to a photon count
value equal to one.

3. For every detected signal the coordinates of the detected intensity is de-
termined via calculation of the center of intensity. Then the photon count
value of one is added at these coordinates.

Finally after adding a predefined number of exposures, each corresponding to a
single image of the CCD camera and each following signal processing according
to the three steps just described, one streak camera measurement results in one
streak camera image. Two typical streak camera images are shown in Fig. 3.6.
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(a) excitation laser (b) fluorescent sample

Figure 3.6.: Typical streak camera images: Two streak camera images, (a) of the
excitation laser and (b) a fluorescent sample are shown. The horizontal axis represents
spectral information, the vertical axis temporal information. The intensity is shown color
coded, ranging from zero to the maximum of photon counts, as shown in the color scale
at the right hand side. For detailed description see text.

The horizontal axis in the streak camera image corresponds to spectral infor-
mation, covering a spectral window of fixed width around a center wavelength.
The position of the center wavelength and thus, range covered by the spectral
window, is chosen to cover the emission of the sample. In this thesis, the width
of the spectral window is about 165 nm as a grating of 1000 lines per milimeter
was used. Due to the relatively low signals of the detected emission, the slits of
the spectrometer were set to 100 µm resulting in a spectral resolution of 8 nm.
The vertical axis of the streak camera image corresponds to temporal informa-
tion. The length of the temporal axis is determined by the time range chosen for
the streak camera measurement, which is 5 ns for all measurements of this thesis.
The intensity is shown in units of photon counts and is visualized by a color code
ranging from black as lowest signal to red for highest photon counts. In Fig. 3.6a
a streak camera image of the excitation laser light is shown. As the laser light
corresponds to a series of short pulses (3 ps), the photons are deflected equally
and result in a nearly circular light point on the streak camera image with fixed
position along the temporal and the spectral axis. Analysis of this laser spot
on the streak camera image allows for determination of the temporal resolution
of a streak camera measurement. According to [104] a temporal resolution of
down to 0.2 ps is possible under ideal experimental conditions. For a fluorescent
sample the streak camera image looks different as shown in Fig. 3.6b. The fluo-
rescence emission starts at the same time as the laser excitation pulse appears.
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3.2. Time-resolved spectroscopy

It is spread over broad spectral range, corresponding to a broad fluorescence
emission spectrum, and spreads in time revealing the transient information of
the fluorescence emission.

Acquisition mode: Dynamic photon counting

This acquisition mode is an expansion of the photon counting mode just described.
In this mode an additional file, the so-called dynamic photon counting (dpc) file,
is created in the computer before the streak camera measurement begins. The
experiment itself is absolutely identical to the experiments in the photon count-
ing mode: A fixed number of exposures, each having a fixed acquisition time,
is added up as already described. The special feature of the dynamic photon
counting mode is the additional recognition of the photon arrival times which
are stored in the dpc file during the streak camera measurement. Hence, the
dpc file contains the arrival times1 of all detected photons together with their
coordinates within the streak camera image.

Whereas the final streak camera image resulting from one streak camera mea-
surement contains the information summed up over all the exposures, the dpc
file gives access to information at any time during the complete measurement.
It allows the creation of streak camera images from the dpc file by summation.
Summation over the complete dpc file results in a streak camera image abso-
lutely identical to the streak camera image resulting from normal photon count-
ing mode. Thus, the special advantage of the dynamic photon counting mode
is that it allows to create streak camera images from selected temporal windows
during the streak camera measurement and therefore gives access to information
that is otherwise hidden in the summation of exposures during normal acqui-
sition in photon counting mode. For example, if 1000 exposures where added
during one streak camera measurement resulting in a final streak camera image,
the dpc mode allows to create five new streak camera images each correspond-
ing to 200 exposures from the dpc file. These five streak camera images can then
be analyzed in any context as for example the formation of additional emission
bands or photobleaching of the sample. All measurements of this thesis where
done in dpc mode.

1The coordinates of a detected photon are stored for each exposure of the streak camera
measurement. Thus, the temporal resolution of the stored arrival times corresponds to the
temporal integration time chosen for one exposure.
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3.2.2. Data processing: From the Streak camera image to

�uorescence emission decay and �uorescence emission

spectrum

The three dimensional histogram of the streak camera image allows the extrac-
tion of both, the fluorescence emission spectrum as well as the fluorescence in-
tensity decay. This is done by integration along the temporal or the spectral
axis, which corresponds to a summation over photon counts to obtain the flu-
orescence emission spectrum and the fluorescence decay, respectively. A visu-
alization of the integration along the temporal and the spectral axis is shown
in Fig. 3.7. For the extraction of the fluorescence emission spectra and the flu-
orescence intensity decays from the streak camera images a script written in
Python™ was developed within this thesis.

Figure 3.7.: Extraction of fluorescence emission spectrum and fluorescence inten-
sity decay from a streak camera image: Integration along the temporal and spectral
axis yields the fluorescence emission spectrum and the fluorescence intensity decay, re-
spectively. For details see text.

The temporal resolution of a streak camera measurement is mainly influenced
by the width of the horizontal entrance slit of the streak camera. The slit deter-
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3.2. Time-resolved spectroscopy

mines how much a short pulse entering the streak camera is smeared out due to
the deflection in the streak camera measurement. Extraction of the fluorescence
intensity decay from a streak camera image of the excitation laser, as shown
in Fig. 3.6a, allows determination of the temporal resolution of a streak cam-
era measurement. As the excitation laser pulses have a nearly gaussian shape,
which is known from the autocorrelator in the experimental setup in Fig. 3.2, the
extracted fluorescence intensity decay can be fitted well by a gaussian function.
The resulting full-width-at-half-maximum (FWHM) is a good approximation of
the temporal resolution of a streak camera measurement. In this thesis the tem-
poral resolution of all measurements was in the range of 50 ps.

3.2.3. Time-resolved spectroscopy using Time-Correlated

Single Photon Counting (TCSPC)

Time-resolved experiments employing the technique of time-correlated single
photon counting (TCSPC) were performed on a a commercial confocal fluores-
cence microscope (MicroTime 200, PicoQuant). One drop of sample solution
containing isolated LH2 complexes in detergent solution (see Chapter 3.1.2) was
dripped on a glass cover slide that was positioned on the microscopes sample
stage. Depending on the distinct experiment either a laser diode with a wave-
length of 485 nm (LDH-D-C-485, PicoQuant) operated in pulsed mode at laser
repetition rates of 40 MHz, 20 MHz, 8 MHz, 2 MHz and 0.5 MHz, or a laser diode
with a wavelength of 560 nm (LHD-D-TA-560B, PicoQuant) operated in pulsed
mode at laser repetition rates of 40 MHz, 20 MHz, 8 MHz, 2 MHz, 1 MHz and
0.5 MHz, respectively, was used as light source. The pulse width of the excitation
laser pulses were 140 ps for a wavelength of 485 nm and 80 ps for a wavelength
of 560 nm, respectively, according to laser diode specifications.

The excitation laser light was focused onto the sample with a water immersion
objective (60x UPlanS APO UIS2, NA = 1.2, Olympus).The emission from the
sample passed a dichroic beamsplitter (HC BS 801, AHF) and a suitable optical
detection filter removing excitation laser light (LP808, RazorEdge LP Edge Filter
808 RU, AHF). The emission signal of the sample was then direct towards and
focused on a single-photon counting avalanche diode (SPCM-AQRH-14-TR, Ex-
celitas) and used for time-resolved data acquisition employing time-correlated
single photon counting (TCSPC) (TCSPC TimeHarp 260 PICO Dual, PicoQuant).
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All fluorescence transients were measured with a temporal binning of 25 ps and
the accumulation time of the fluorescence signal for each transient was 120 s.

Optionally a beamsplitter cube in a ratio of 50/50 was positioned in the optical
path before the avalanche photo diode in order to allow for simultaneous detec-
tion of the emission spectrum and the fluorescence intensity decay by splitting
of the samples emission signal. Then one part of the emission signal was di-
rected towards a spectrometer (Shamrock SR-163, grating 600 lines/mm blazed
at 500 nm, spectral resolution 0.55 nm [105]) via an optical fiber and the emis-
sion spectrum was detected using an electron-multiplying charge-coupled de-
vice (EMCCD Newton 970, Andor).

The instrument response function (IRF) of the optical microscope was measured
using the back reflection of an empty glass cover slip. Thus, the full-width-
at-half-maximum (FWHM) values of the IRF were determined to 264 ps for the
laser diode operated at 485 nm and to a value of 168 ps for the second laser
diode operated at 560 nm, respectively. Both, intensity transients resulting from
IRF measurements as well as sample fluorescence were exported as ASCII data
from the software operating the commercial microscope commercial software
(SymPhoTime 64, Picoquant).

The excitation fluence of the optical experiments using the TCSPC technique was
calculated analogously as for streak camera measurements according to Equa-
tion 3.1.

The principle of time-correlated single photon counting (TCSPC)

The technique of time-correlated single photon counting (TCSPC) allows for de-
tection of the fluorescence transient resulting from repetitive excitation of a flu-
orescent sample by using a single photon sensitive detector [106]. The basic
principle of TCSPC is visualized in Fig. 3.8 schematically. Excitation of a fluo-
rescent sample with a laser pulse results in a fluorescence intensity decay of the
emission. The technique of TCSPC requires a single photon sensitive detector
such as a photomultiplier tube (PMT), a micro channel plate (MCP), a single
photon avalanche diode (SPAD) or a hybrid PMT for example [106].
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3.2. Time-resolved spectroscopy

Figure 3.8.: The principle of time-correlated single photon counting (TCSPC):
Excitation of a fluorescent sample with an excitation laser pulse results in a fluorescence
intensity decay. Using a single photon sensitive detector allows for detection of single
photons of the fluorescence emission, each featuring a distinct arrival time at the detector.
Thus, by using the excitation laser pulses as a master clock, a histogram of detected
photons and their arrival times with respect to the excitation laser pulse is formed. This
histogram resembles the fluorescence decay curve of the fluorescent sample. For details
see text. Adapted from [107].

Thus, using the excitation laser pulses as a master clock, starting a stop watch
in the figurative sense, allows for the assignment of the arrival time of each
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detected single photon with respect to the excitation laser pulse. Finally, the
detection of a high number N of photons, usually N ≈ 10.000 - 100.000 photons
[106], allows for building up of a histogram of detected photons. This photon
histogram resembles the fluorescence intensity decay curve of the fluorescent
sample upon pulsed excitation and allows for determination of the fluorescence
kinetics.
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The expression phasor is a linguistic blend of the words phase and vector [108,
109] and is in general the vectorial representation of a periodic function in the
complex plane. Moreover, the complex number of the phasor has a precise po-
sition within the complex plane and is often used for analytical and graphical
representation [110].

For analyzing fluorescence lifetime data a common and widely used method
for measurements in the time domain is fitting the measured fluorescence decay
curve by a sum of exponentials based on a predefined model. In this chapter an
alternative approach of data evaluation without any a priori knowledge of the
sample will be described: the phasor approach. Although originally defined for
measurements in the frequency domain it can be adapted to time domain data
offering a powerful tool for analyzing fluorescence lifetimes with high precision
from raw data [111, 112]. In the following, the definition and the principle of
the phasor approach will be outlined. Afterwards, the phasor approach will be
adapted to fluorescence lifetime data measured with a streak camera.

4.1. The phasor approach to �uorescence lifetime

measurements in the frequency domain

The principle of fluorescence lifetime measurements in the frequency domain,
sometimes also called phase fluorometry [113] , is sketched in Fig. 4.1. Sinu-
soidally modulated excitation E(t) leads to a delayed sinusoidally modulated
emission F(t) with a phase shift φ:

E(t) = E0 + E sin(ωt) (4.1)

F(t) = F0 + F sin(ωt− φ) (4.2)
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with ω as modulation frequency. The values E0 and F0 denote the static, unmod-
ulated amplitudes of the excitation and emission respectively, whereas E and F
denote the amplitudes of the modulated excitation and emission.

Figure 4.1.: Fluorescence lifetime measurements in the frequency domain: Sinu-
soidally modulated excitation (blue) results in a delayed sinusoidally modulated emission
(orange) with phase shift φ. The ratio of the amplitudes is called modulation ratio. For
details see text. Adapted from [114].

The quotient of the amplitude of the modulated excitation E and the static am-
plitude of excitation E0 defines the modulation of the excitation as

mE =
E
E0

(4.3)

Analogously the modulation of the emission is defined as

mF =
F
F0

(4.4)

The quotient of those two modulations thus finally defines the relative modula-
tion ratio m as

m =
mF

mE
=

F
F0
E
E0

=
F E0

F0 E
(4.5)

A simple two-level system as shown in Fig. 4.2 represents a single exponential
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domain

fluorescence decay with lifetime τ.

Figure 4.2.: Two-level system describes single exponential fluorescence decay:
The excitation E(t) populates the excited state as a function of time. The population N
of the excited stated relaxes into the ground state with a rate k inversely proportional to
the characteristic lifetime of the relaxation (fluorescence decay).

Within this picture the population N of the excited state is described by the
differential equation

dN
dt

= −k · N + E(t) = −1
τ
· N + E(t) (4.6)

As the fluorescence emission is proportional to the population of the excited
state this equation is also valid for F(t) instead of N. Using equations 4.1 and
4.2 for the modulated excitation and the modulated emission in the frequency
domain plus some trigonometric identities1 the two basic relations of phase
fluorometry [113] are obtained:

tan(φ) = ωτ (4.7)

m = cos(φ) =
1√

1 + ω2τ2
(4.8)

For monoexponential fluorescence decays, as assumed by the two level system,
they describe the relation of the measured phase shift φ and the modulation ra-
tio m respectively to both, the experimental parameter ω and the fluorescence
lifetime τ.

1The detailed calculation is shown in Appendix B.1.
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Historically the first formulation of the phasor approach to fluorescence lifetime
data was published by Gregorio Weber in 1981 [28]. Focusing on fluorescence
lifetime measurements with modulated excitation light, also referred to as flu-
orescence lifetime measurements in the frequency domain (FD), he described a
procedure for the determination of fluorescence lifetimes from the phase shift φ,
between excitation and emission, and the relative amplitude modulation ratio m
of the measured emission with respect to the excitation. According to this first
formulation the phasor coordinates G and S are defined as:

G(ω) = m · cos(φ) (4.9)

S(ω) = m · sin(φ) (4.10)

They are in general a function of the modulation frequency ω as both, the phase
shift φ and the modulation ratio m, are affected by the modulation frequency.
Using the two basic relations of fluorometry, equations 4.7 and 4.8, allows formu-
lation of the phasor coordinates G and S for monoexponential decays in relation
to the modulation frequency ω and the fluorescence lifetime τ:

G(ω) =
1

1 + ω2τ2 (4.11)

S(ω) =
ωτ

1 + ω2τ2 (4.12)

In 1984 Jameson et al. [113] introduced a simple geometric representation of flu-
orescence lifetime data measured in the frequency domain using the phase shift
φ and the modulation ratio m, defining a vector of length m making an angle
φ with the x-axis, as shown in Fig. 4.3. Remembering the basic definition of the
phasor coordinates by Weber [28] as G = m · cos(φ) and S = m · sin(φ) in equa-
tions 4.9 and 4.10 one recognizes that Jamesons diagram is simply a graphical
representation of this formulation. Therefore plotting of the values G versus S
in one diagram is known as the phasor plot since then. The semicircle shown
in black in Fig. 4.3 is called the universal semicircle and is a special feature of the
phasor plot, see Section 4.4.
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4.2. The Phasor approach for time domain data

Figure 4.3.: The phasor plot: Originally introduced by Jameson et al. [113] the phasor
plot represents the position of the phasor in the phasor space by plotting the phasor
coordinates G versus S. For details see text. Adapted from [113].

The graphical representation in the phasor plot and the resulting intrinsic vec-
torial character of the phasor implies that the two basic relations of phase flu-
orometry formulated before, equations 4.7 and 4.8, can be rewritten in terms of
the phasor coordinates G and S as

tan(φ) =
S
G

(4.13)

|m| =
√

G2 + S2 (4.14)

Thus, the modulation ratio m corresponds to the length of the vector m in the
graphical representation and the phase shift φ can be calculated from the phasor
coordinates when the position of the phasor is known.

4.2. The Phasor approach for time domain data

Fluorescence lifetime measurements in the time domain follow the scheme of
detecting a time-resolved fluorescence emission signal I(t), also called fluores-
cence decay curve, as a fluorescence response after pulsed excitation. In Fig. 4.4
the fluorescence response resulting from excitation of a fluorescent sample with
an excitation pulse is shown schematically.
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Figure 4.4.: Lifetime measurements in the time domain: Pulsed excitation results
in an emission decay as fluorescence response. For details see text. Adapted from [114].

As data measured in the frequency domain and in the time domain are equiv-
alent due to their connection via Fourier transformation, Weber already stated
a general phasor definition for the time domain [28]. The phasor coordinates G
and S are defined as

G(ω) =

∫ ∞
0 I(t) cos(ωt)dt∫ ∞

0 I(t) dt
=

Re ( F{I(t)} )∫ ∞
0 I(t) dt

(4.15)

S(ω) =

∫ ∞
0 I(t) sin(ωt)dt∫ ∞

0 I(t) dt
=

Im ( F{I(t)} )∫ ∞
0 I(t) dt

(4.16)

G and S are defined as the real and imaginary parts of the Fourier transform of
the measured fluorescence decay I(t) performed at an arbitrarily chosen trans-
formation frequency ω. The normalization by the area below the fluorescence
decay curve in the denominators of equations 4.15 and 4.16 was initially not part
of Webers general definition but was added later without loss of generality and
for generalization of the phasor definition [115, 116, 117, 118, 119]. Plotting of
the phasor coordinates G versus S yields the phasor plot as in the frequency
domain. Due to the formulation of the phasor coordinates for time domain data
in equations 4.15 and 4.16 the two axes of the phasor plot are often labeled as
real axis (’Re’) and imaginary axis (’Im’).

52



4.3. Practical implications to time domain measurements

4.3. Practical implications to time domain

measurements

The general phasor formulation for lifetime measurements in the time domain
given in the last section does not take into account any specific detection method.
Due to the detection principle of the streak camera as well as the time-correlated
single photon counting (TCSPC) technique used in this work, see Chapter 3.2,
and for considering the characteristics of „real“ measured data some changes
have to be applied to the general formulation to obtain a phasor formulation for
data from time domain measurements.

4.3.1. Binned detection

The fluorescence decay resulting from the time domain measurements is basi-
cally a histogram of photon arrival times, see Chapter 3.2. The resulting discrete
character of the measured data has to be recognized when phasor coordinates
are calculated. In detail, for time domain measurements this means taking into
account the following aspects:

• The finite width of the temporal detection window:
Both techniques of time-resolved measurements used within this thesis,
the streak camera as well as TCSPC, measure the fluorescence decay curve
only within a certain temporal range, the so called detection window. For
streak camera measurements the temporal width of the detection window
is determined by the time range at which the streak camera image was
acquired, see Section 3.2.1. For TCSPC measurements the width of the
detection window is chosen appropriately in a way that the measured flu-
orescence decay curve has safely dropped to zero or the background flu-
orescence value, respectively. In both cases the discrete sampling of the
extracted fluorescence decay curve has to be taken into account for phasor
calculation. Thus, for time domain data the transformation frequency ω for
phasor calculation is defined inversely proportional to the finite temporal
width T of the detection window [120, 121]

ω =
2π

T
(4.17)
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• The numerical integration of the measured data:
Due to its discrete character the measured fluorescence decay curve has
to be integrated numerically for calculating the phasor coordinates. One
of the most simple to calculate and mostly used methods is the mid-point
approximation which approximates the fluorescence decay curve by a sum
of rectangles [120, 121]. Each rectangle is calculated from the intensity
measured within one bin, precisely the number of photons collected within
this bin, multiplied by the temporal width of one bin. Thus, the measured
fluorescence decay curve I(t) is approximated by a histogram of intensities.
An illustration of this method of numerical integration a fluorescence decay
curve is shown in Fig. 4.5.

Figure 4.5.: Numerical integration of a fluorescence decay by midpoint approx-
imation: The fluorescence decay is approximated by a sum of rectangles, each centered
around the experimental data point corresponding to the measured intensity in units
of photon counts, multiplied with the width of one temporal bin. For details see text.
Adapted from [120].

Fereidouni et al. presented a modified phasor formulation for time-correlated
single photon counting (TCSPC) data taking into account both aspects discussed
above [121]. The Fourier transform integrals of the generalized phasor formula-
tion in equations 4.15 and 4.16 transformed into sums in the modified formula-
tion. By taking into account the finite temporal length of the detection window
T, the total number of bins of the intensity histogram Nbins and the resulting
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width of one bin ∆t = T
Nbins

, the discrete and normalized Fourier transform Dn

of the intensity histogram that approximates the measured fluorescence decay
curve I(t) has the shape of

Dn =
∑Nbins−1

k=0 Nk expi n ω(k+ 1
2 )

T
Nbins

∑Nbins−1
k=0 Nk

(4.18)

The transformation frequency ω is defined as

ω =
2π

T
(4.19)

and n is the harmonic number of the transformation. Summation runs over k
counting the bins of the intensity histogram within the discrete Fourier trans-
form and Nk is the fluorescence intensity for the kth bin of the histogram in units
of photon counts.

Finally, the modified phasor approach defines the phasor coordinates G and S
by

G(ω) = Re( Dn ) (4.20)

S(ω) = Im( Dn ) (4.21)

as the real and imaginary parts of the discrete and normalized Fourier transform
Dn of the intensity histogram approximating the measured fluorescence decay
curve I(t).

4.3.2. Background correction

The importance of background correction and its proper application has been
intensively studied and discussed in Fereidouni et al. in 2017 [122]. Improper
performed background correction can lead to incorrect phasor coordinates as
exemplarily shown in Fig. 4.6. Phasors calculated from raw data2, as shown in
the blue box, have positions within universal semicircle in the phasor plot and
do not represent the underlying fluorescence decay correctly due to influence

2For reasons of illustration a single exponential decay was chosen as raw data in [122] and
phasors of single exponential decays are expected to lie on the universal semicircle, see Sec-
tion 4.4.
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of background fluorescence. When taking the background signal into account
this leads to correct phasor positions on the universal semicircle as shown in the
green box of Fig. 4.6. Both, overestimation by giving the background signal a too
high weight as well as underestimation of the background fluorescence, leads to
wrong phasor positions in the phasor plot as shown in the red box of this figure.
Thus, phasor calculation is extremely sensitive to the influence of background
fluorescence.

Figure 4.6.: Influence and importance of proper background correction for phasor
calculation: Performing phasor calculation of raw data without background correction
may lead to wrong phasor positions. Properly performed background correction yields
the correct phasor coordinates. For details see text. All phasor plots are taken from [122]
and are rearranged for reasons of visualization and clarity.

In order to take the influence of background fluorescence of the time-resolved
measurements into account, for each fluorescence decay curve either extracted
from a streak camera image or resulting from the time-correlated single photon
counting (TCSPC), the background fluorescence intensity was calculated as the
average intensity over the first 50 pixels prior to the increase of the fluorescence
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decay curve3. The calculated average background intensity was then subtracted
from the photon count of every pixel of the fluorescence decay curve. This back-
ground corrected fluorescence decay curve is then used for phasor calculation.
Fore more details of the background correction in the phasor calculation see
Section 4.3.4.

4.3.3. Correction for the instrument response function

Fluorescence decay curves measured in the time domain can be affected by the
instrument response function (IRF). The IRF represents the finite response of
the detection system to a finite pulse [120]. Hence it combines all influences of
the experimental setup, including for example influences of the excitation light
source, the optics along the optical path and the detection efficiency of the de-
tector. In practice the IRF is often recorded using a fluorescent sample of known
lifetime, such as laser dyes, or using a non-fluorescent scattering sample such as
a diluted solution of colloidal silica or LUDOX in a cuvette. In the latter case the
IRF is also referred to as a fluorescence decay with lifetime zero.

In mathematical terms the measured fluorescence decay I(t) can be described as
the convolution of the IRF with the pure fluorescence decay of the sample F(t)

I(t) = IRF ∗ F(t) (4.22)

In the „classical“ fitting approach for analyzing fluorescence decay curves the
influence of the IRF is taken into account by fitting the measured fluorescence
decay by a convolution of the IRF with a sum of exponentials

I(t) = IRF(t) ∗∑
i

Ai exp−
t+∆t

τi (4.23)

with index i counting the number of exponentials chosen for the fit and ∆t as
temporal shift between the IRF and the measured decay.

Using the phasor approach for analysis of fluorescence kinetics the influence of

3This approach is justified as the background fluorescence within a streak camera image
measured in photon counting mode is nearly homogeneous, which is clear from the working
principle of this acquisition mode and can also be seen in Fig. 3.6. In similar manner also TCSPC
measurements show an almost homogeneous fluorescence background signal.
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the IRF has to be considered as well in order to obtain the phasor coordinates of
the pure fluorescence decay, F, of the sample. The mathematical procedure for
the correction of the IRF shown in the following was nicely introduced in detail
by Martelo et al. [115].

The phasor coordinates of a measured fluorescence decay D, given by the convo-
lution of the IRF and the pure decay F according to equation 4.22, are calculated
with the basic definition of the phasor coordinates in the time domain, in equa-
tions 4.15 and 4.16, as real and imaginary parts of the Fourier transform of the
measured decay D. For simplicity those phasor coordinates are named G[D] and
S[D] in the following.

G[D] = Re( F{D} ) = Re( F{IRF ∗ F} ) (4.24)

S[D] = Im( F{D} ) = Im( F{IRF ∗ F} ) (4.25)

For clarity the measured decay D, the IRF and the pure decay F are regarded
as time dependent and normalized for the moment. Performing the Fourier
transform calculations in detail4 results in

G[D] = G[IRF] G[F]− S[IRF] S[F] (4.26)

S[D] = S[IRF] G[F] + G[IRF] S[F] (4.27)

This gives the relation of the phasor coordinates G[D] and S[D] of the measured
decay D as a function of the phasor coordinates of the IRF and the pure fluores-
cence decay F. Rewriting these two relations in matrix form yields[

G[D]

S[D]

]
=

[
G[IRF] −S[IRF]
S[IRF] G[IRF]

] [
G[F]
S[F]

]
(4.28)

Remembering the basic definition of the phasor coordinates as G = m · cos(φ)
and S = m · sin(φ) in equations 4.9 and 4.10, which also follows from the geo-
metric definition by Jameson when introducing the phasor plot, we can rewrite

4The detailed calculation is shown in Appendix B.2
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the 2x2 matrix as[
G[D]

S[D]

]
= mIRF

[
cos(φIRF) −sin(φIRF)

sin(φIRF) cos(φIRF)

] [
G[F]
S[F]

]
(4.29)

with mIRF and φIRF being the length and the phase of the phasor of the IRF,
respectively.

Initially it was the aim to calculate the phasor of the pure decay F from the mea-
sured decay D and the IRF. This is now possible by reformulating equation 4.29
as [

G[F]
S[F]

]
=

1
mIRF

[
cos(φIRF) sin(φIRF)

−sin(φIRF) cos(φIRF)

] [
G[D]

S[D]

]
(4.30)

A closer view on equation 4.30 reveals that the square matrix corresponds to a
canonical rotation matrix. Hence, for the phasor approach the correction of the
influence of the IRF corresponds to a counterclockwise rotation of the phasor of
the measured decay D and a radial stretching, see Fig. 4.7.

Figure 4.7.: Correction for the IRF in the phasor space: The correction of a measured
phasor for the IRF corresponds to a stretching and rotation of the phasor. For details see
text.

Using the basic definition of the phasor coordinates G and S as G = m · cos(φ)
and S = m · sin(φ) in equations 4.9 and 4.10 together with trigonometic identi-
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ties5 allows reformulation of equation 4.30 as

G[F] =
mD

mIRF
· cos(φD − φIRF) = mF · cos(φF) (4.31)

S[F] =
mD

mIRF
· sin(φD − φIRF) = mF · sin(φF) (4.32)

with
mF =

mD

mIRF
(4.33)

and
φF = φD − φIRF (4.34)

Now the phasor coordinates of the pure fluorescence decay F can be calculated
from the measured decay D and the IRF.

How to obtain the IRF

In practice the IRF is recognized by measuring the fluorescence decay of a fluo-
rescent sample with known fluorescence lifetime6. Thus, the phasor of the IRF
has to be calculated from this measured decay of the fluorescent sample. The
detailed procedure will be outlined below. In order to avoid confusion with the
previously used naming of F and D, in the following text the pure fluorescence
decay of the fluorescent sample will be denoted as F∗ and the corresponding
measured decay of the fluorescent sample is denoted as D∗, when correspond-
ing to the measured IRF.

The convolution in equation 4.24 is still valid, leading to the following relation
of the pure fluorescence decay F∗ and the measured decay D∗:

D∗ = IRF ∗ F∗ (4.35)

The commutative character of the convolution leads to a symmetric role of the
IRF and the pure fluorescence decay F∗. Thus, equation 4.30 remains valid when

5The detailed calculation is shown in Appendix B.3
6When using a non-fluorescent scattering sample such as a diluted solution of colloidal silica

or LUDOX in a cuvette this lifetime is assumed to be zero.
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the labels F∗ and IRF are exchanged:[
G[IRF]
S[IRF]

]
=

1
mF∗

[
cos(φF∗) sin(φF∗)

−sin(φF∗) cos(φF∗)

] [
G[D∗]
S[D∗]

]
(4.36)

This allows the calculation of the IRF phasor from the pure fluorescence decay
F∗ and the measured fluorescence decay D∗. By using the known lifetime of
the fluorescent sample, the two basic relations of fluorometry in equations 4.7
and 4.8 allow the calculation of mF∗ and φF∗ . By analogy to the considerations
outlined above, see equations 4.31 and 4.32, it follows

G[IRF] =
mD∗

mF∗
· cos(φD∗ − φF∗) = mIRF · cos(φIRF) (4.37)

S[IRF] =
mD∗

mF∗
· sin(φD∗ − φ∗F) = mIRF · sin(φIRF) (4.38)

with
mIRF =

mD∗

mF∗
(4.39)

and
φIRF = φD∗ − φF∗ (4.40)

Thus, the length and the phase of the IRF phasor , mIRF and φIRF, can be cal-
culated from the measured decay of the fluorescent sample D∗ used as IRF and
the pure fluorescence decay F∗ given by the known lifetime of this fluorescent
sample.

Calculation of the phasor coordinates corrected for the IRF

Finally, combining all the considerations above, the calculation of the phasor
coordinates G[F] and S[F] of the pure fluorescence decay of any sample F from
the measured decay D of this sample is possible, including the correction of the
influence of the IRF. A graphical summary of this calculation is given in Fig. 4.8.
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Figure 4.8.: Graphical summary of phasor calculation: The phasor coordinates G[F]
and S[F] of the pure fluorescence decay of a sample are calculated from a measured decay
of that sample, a measured IRF and the known fluorescence lifetime value of the IRF. For
details see text.

As outlined above, the correction of the influence of the IRF is determined from
a measured decay D∗ of a fluorescent sample with known lifetime, giving the
length mF∗ and the phase φF∗ of the phasor F∗. Thus, by using the definitions of
mIRF and φIRF in equations 4.39 and 4.40 one obtains the following formulation
of G[F] and S[F]:[

G[F]
S[F]

]
=

1
mIRF

[
cos(φIRF) sin(φIRF)

−sin(φIRF) cos(φIRF)

] [
G[D]

S[D]

]
(4.41)

=
mD∗

mF∗

[
cos(φD∗ − φF∗) sin(φD∗ − φF∗)

−sin(φD∗ − φF∗) cos(φD∗ − φF∗)

] [
G[D]

S[D]

]
(4.42)

Splitting this into single components yields

G[F] =
mD∗
mF∗

( cos(φD∗ − φF∗) G[D] + sin(φD∗ − φF∗) S[D] ) (4.43)

S[F] =
mD∗
mF∗

( −sin(φD∗ − φF∗) G[D] + cos(φD∗ − φF∗) S[D] ) (4.44)

Now the final phasor coordinates G[F] and S[F] can be calculated from the mea-
sured decay of a sample and a measured IRF according to equations 4.43 and
4.44. The values of G[D] and S[D] can be calculated directly from a measured
fluorescence decay D according to equations 4.18 - 4.21. Correction of the influ-
ence of the IRF is recognized by multiplicative factors resulting from a measured
IRF decay D∗ and their pure fluorescence decay F∗. The factors mF∗ and φF∗ are
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4.3. Practical implications to time domain measurements

accessible by the two basic relations of phase fluorometry in equations 4.7 and
4.8 as the lifetime is known. For the factors correlated to the measured IRF decay
D∗ the calculation of mD∗ and φD∗ has slightly more effort of calculation. First,
the phasor of D∗ has to be calculated similar to the one of D and afterwards the
factors mD∗ and φD∗ can be calculated from this phasor D∗.

Additionally to the influence of the IRF on the measured decay as just discussed,
moreover the width of the IRF as well as the time shift between the IRF and
the measured fluorescence decay D have to be taken into account during phasor
calculation. Whereas the width of the IRF can be neglected for single exponential
decays [120], in general it should be taken into account in the phasor calculation.
The time shift between IRF and the measured decay D, also referred to as color
shift [123], is an artifact of detection due to the fact that often the IRF is not
detected at the same spectral position as the fluorescence emission and most
detectors feature a wavelength-dependent detection yield. However, the time
shift sensitively influences the phasor calculation especially for short lifetimes
(in the same order of magnitude as the temporal width of the IRF) [115]. Thus,
the time shift has to be considered in general within the calculation of the phasor
coordinates for the pure fluorescence decay as well.

4.3.4. Phasor formulation for time domain measurements

Until now the procedure of phasor calculation for a measured fluorescence de-
cay was discussed conceptually for any data measured in the time domain in the
previous section. Now, this procedure is applied to the example of a measured
fluorescence decay extracted from a streak camera measurement7. A visualiza-
tion of this procedure is shown in the flow chart in Fig. 4.9.

The starting point for the procedure of phasor calculation are two streak camera
images: one is the streak camera image resulting from a streak camera measure-
ment of the fluorescence decay of the sample of interest, like the LH2 complexes
in this thesis, and the other is a streak camera image resulting from a streak cam-
era measurement of the IRF, which was a scattering solution of colloidal silica in

7For time domain data measured with the TCSPC technique the procedure of phasor calcula-
tion outlined in the following is in principle identical. Only for reasons of smoother reading and
in order to consider that data resulting from streak camera measurements requires additional
steps of data processing, the procedure is outlined here using this example.
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this thesis.

Figure 4.9.: Flow chart for visualization of the phasor calculation for streak
camera measurements: Starting with a measured fluorescence decay and a measured
instrument response function (IRF) the single steps towards proper phasor calculation
of the pure fluorescence decay F, including background correction and correction of the
influence of the IRF, are shown. For details see text.

In a first step, for both images the fluorescence intensity decay curves are ex-
tracted by integration along the spectral axis of the streak camera image as al-
ready outlined in Section 3.2.1. The fluorescence intensity curve extracted from
the streak camera image of the measured decay shows an evident fluorescence
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decay whereas the fluorescence intensity curve of the IRF only shows a small
nearly delta-shaped pulse.8

As the steps during the procedure of phasor calculation are different for the mea-
sured decay, denoted as D, and the measured IRF, denoted as D∗, their pathways
through the flow chart in Fig. 4.9 will be described separately. As most of the
phasor calculation procedure focuses on the correction of the influence of the
measured IRF, first the two steps resulting from the measured fluorescence de-
cay are described before afterwards the single steps of phasor calculation using
the measured IRF are discussed.

After generation of the fluorescence decay curve, the second step of phasor cal-
culation for the measured decay D is determining the average background fluo-
rescence intensity. This is done by averaging the fluorescence intensity over the
first 50 pixels of the fluorescence decay, prior to the rise of fluorescence decay
due to excitation, see Fig. 4.10. The resulting average intensity is then subtracted
from the measured decay in every bin yielding the background corrected fluo-
rescence decay curve.

Figure 4.10.: Background correction of the measured raw decay: By calculating an
average background fluorescence intensity over the first 50 pixels of the measured raw
fluorescence decay a background correction is performed. For details see text.

Now, after background correction, the third step during the procedure of phasor

8From here on the outlined principle of phasor calculation can be directly adapted to mea-
sured time domain data resulting from TCSPC.
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calculation for the measured fluorescence decay is calculating the phasor coordi-
nates G[D] and S[D] of the background corrected, measured fluorescence decay
according to equations 4.18 - 4.21. As already discussed, the transformation fre-
quency ω is determined by the length of the temporal axis of the streak camera
image, which is 5 ns for all measurements of this thesis.

Concerning the measured IRF the second step towards phasor calculation after
extraction of the fluorescence intensity curve from the streak camera image is
fitting the measured IRF by a gaussian function. This allows for determination
of the temporal width of the IRF, which is about 50 ps for all streak camera
measurements of this thesis. An example for the gaussian fit of one IRF for one
of the streak camera measurements is shown in Fig. 4.11. As already outlined in
the last section, in general the temporal width of the IRF has to be taken into
account for phasor calculation. This is done by using the curve of the gaussian
fit as the IRF from now on in the procedure of phasor calculation.

Figure 4.11.: Determination of the temporal width of the IRF: By performing a
gaussian fit to the measured IRF the temporal width is determined by the full-width-at-
half-maximum (FWHM).

The third step of the measured IRF within the procedure of phasor calculation
is the determination of the temporal shift ∆t between the measured IRF and the
measured decay curve. This is done by performing a „traditional“ multiexpo-
nential fit, according to equation 4.23, of the background corrected decay D and
∆t being the only parameter of interest. This approach for the determination of
∆t is a well known procedure [124]. Testing different numbers of exponents in
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the multiexponential fitting showed only minor influence on the resulting time
shift ∆t and revealed that the time shift ∆t can be determined with this approach
with an accuracy of one time bin, corresponding to 9.7 ps for measurements of
this thesis. After determination of ∆t the IRF is shifted by this value for best
temporal overlap with the measured decay curve.

Afterwards, in the fourth step within the flowchart shown in Fig. 4.9, the phasor
coordinates G[D∗] and S[D∗] of this shifted IRF are calculated according to equa-
tions 4.18 - 4.21 analogously to the measured decay, as already described above.
By assuming that the IRF is measured from a scattering solution, corresponding
to a fluorescent sample of lifetime zero, the modulation and phase correction
parameters, mIRF and φIRF, respectively, are calculated according to the basic
relations of phase fluorometry in equations 4.8 and 4.7 within the fifth step of
the procedure of phasor calculation.

Finally, in the last step, the phasor coordinates G[F] and S[F] for the pure flu-
orescence decay, which were the aim of all our efforts, are calculated. This is
done according to equations 4.43 and 4.44 and by using the calculated correction
parameters of phase and modulation according to equations 4.39 and 4.40.
All phasors shown in the further course of this thesis are calculated and cor-
rected as just described and schematically shown in the flow chart in Fig. 4.9.

4.4. Features of the phasor plot

The phasor plot introduced by Jameson [113] features some special intrinsic
properties irrespective whether the data used for the calculation of the phasor
coordinates has been aquired in the frequency or time domain. In the following,
these features of the phasor plot will be discussed in detail.

• The universal semicircle:
From the basic definition of the phasor coordinates by Weber [28], see Sec-
tion 4.1, that have the shape of

G(ω) = m · cos(φ)

S(ω) = m · sin(φ)
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and the first basic relation of phase fluorometry , also compare Section 4.1,

tan(φ) = ωτ

it follows that phasors corresponding to single exponential decays always
fall on a semicircle of radius 0.5 centered at the position (0.5,0) in the phasor
plot as shown in Fig. 4.12. Consequently, the phasor coordinates G and S
of phasors corresponding to monoexponential decays follow the relation9

S =
√

G(1− G) (4.45)

This feature applies to all phasors from monoexponential decays irrespec-
tive of the discrete value of the corresponding lifetime or how the under-
lying fluorescence lifetime data was measured. The semicircle is therefore
called universal semicircle.

Figure 4.12.: The universal semicircle: Phasors corresponding to a single exponential
decay (green) fall onto the universal semicircle (grey).

• The lifetime-ruler along the universal semicircle:
The universal semicircle acts as a lifetime ruler. It indicates the lifetime of
the underlying fluorescence decay by the position of the phasor. Phasors
corresponding to short lifetimes are located close to the position (1,0). Pha-
sors corresponding to longer lifetimes „move“ along the semicircle coun-
terclockwise with increasing lifetime as shown in Fig. 4.13.

9The equation of a circle of radius r that is centered at (x0,y0) is given by
(x− x0)

2 + (y− y0)
2 = r2.
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Figure 4.13.: The universal semicircle: A phasor corresponding to a single exponential
decay (green) lies on the universal semicircle (grey). Phasors representing monoexponen-
tial decays move counterclockwise along the universal semicircle as their corresponding
lifetimes increase. For details see text.

• Scaling the lifetime ruler:
The scaling of the lifetime ruler along the universal semicircle is nonlinear
and depends strongly on the transformation frequency and the harmonic
number used for the Fourier transformation in the calculation of the pha-
sor coordinates for time domain measurements10. Thus, by choosing the
scaling of the lifetime ruler properly it is possible to resolve short time con-
stants that would be hidden otherwise. Both, the influence of the different
scaling of the lifetime ruler and the nonlinear scaling are shown in Fig. 4.14.

The phasors corresponding to selected lifetimes ranging from 0 ns to 10 ns
were calculated for different transformation frequencies and are shown as
a function of the transformation frequency. The nonlinearity of the scaling
is visible at first sight. Focusing in particular on the phasors of fluorescence
lifetimes below 0.5 ns, it is obvious that for the transformation frequency
ω the phasors corresponding to the lifetimes of 0 ns, 0.1 ns and 0.2 ns can-
not be resolved whereas this is easily possible for higher transformation
frequencies (3ω, 5ω). Thus, the transformation frequency has to be chosen
properly for phasor calculation.

10For frequency domain measurements this is valid for the modulation frequency respectively.
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Figure 4.14.: Nonlinear scaling of the lifetime ruler: Phasors corresponding to life-
times in the range of 0 ns to 10 ns are shown, calculated for different transformation
frequencies. Obviously different values of the transformation frequency correspond to
different scaling factors of the lifetime ruler. For details see text.

For time domain data the transformation frequency is determined by the
temporal width of the detection window, compare Section 4.3.1, and thus
a fixed value. It follows that proper scaling of the universal semicircle is
realized by an increase of the harmonic number n of the transformation for
time domain data.

• The linearity of phasor addition:
By definition phasors are vectors and therefore follow vector algebra. This
allows the identification of multiexponential decays easily. As just stated,
phasors corresponding to single exponential fluorescence decays lie on the
universal semicircle. Consequently, all phasors that do not lie on the uni-
versal semicircle are multiexponential. Phasors that are located inside the
universal semicircle correspond to fluorescence decays consisting of a lin-
ear combination of single exponential decays. Reasonably, phasors of biex-
ponential decays lie on a straight line between the phasors of the contribut-
ing lifetime components. For fluorescence decays with three contributing
lifetimes the phasor lies within a triangle defined by the three contributing
lifetime phasors. Both features are visualized in Fig. 4.15.
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Figure 4.15.: The linearity of phasor addition: Phasors corresponding to biexpo-
nential (cyan) decays lie on a straight line connecting the phasors of the contributing
lifetimes τ1 and τ2, shown in green and blue respectively. For triexponential decays the
corresponding phasor (purple) lies within a triangle defined by the three contributing
lifetimes τ1, τ2 and τ3 (shown in red).

Although many publications that use the phasor approach neglect the
possibility of phasors outside the universal semicircle, such locations are
physically possible. For example excited state reactions [125] as well as
components with negative amplitudes, also known as rising components,
[126, 127] and photo-chemical bleaching effects [128, 129] have been iden-
tified to lead to phasor positions outside the universal semicircle.

4.5. Working with the phasor plot: Identifying

lifetimes and amplitudes

After calculation of the phasor coordinates and plotting them in the phasor plot
the analysis begins. Using the features of the phasor plot, as outlined in the last
section, it can easily be identified whether the phasor of interest corresponds to
a single or multiexponential decay. If the phasor lies on the universal semicircle,
the lifetime of the single exponential decay follows from equations 4.11 and 4.12:

G(ω) =
1

1 + ω2τ2

S(ω) =
ωτ

1 + ω2τ2
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For phasors that do not fall on the universal semicircle the determination of
lifetimes is more complicated because these phasors correspond to multiexpo-
nential decays.

4.5.1. Biexponential decays

The simplest case of a multiexponential decay features two lifetimes τ1 and τ2,
contributing to the total fluorescence intensity with different fractions f1 and f2,
respectively. As outlined above, in general, phasors corresponding to biexpo-
nential decays lie inside the universal semicircle on a straight line connecting
the phasors A and B of the two underlying lifetimes τ1 and τ2 as exemplarily
shown in Fig. 4.16. As the phasors A and B correspond to the lifetime values τ1

and τ2, respectively, these phasors lie on the universal semicircle.

Figure 4.16.: Phasor position for a biexponential decay: The phasor P (cyan) corre-
sponds to a biexponential decay and lies on a straight line connecting the phasors A and
B (green and blue) of the contributing lifetimes τ1 and τ2. The length of the line segments
a and b corresponds to the fractional contributions of the two lifetime components to the
total fluorescence intensity. The fractional contributions are calculated according to the
lever rule. For details see text.

The phasor P of the biexponential decay divides the distance between the pha-
sors A and B into two parts of length a and b, respectively, see Fig. 4.16. The
fractional contributions f1 and f2 of the two lifetimes τ1 and τ2 can be calculated
analogously to the lever rule [130] known from phase diagrams in thermody-
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namics as

f1 =
b

| −→AB |
=
| −→PB |
| −→AB |

(4.46)

f2 =
a

| −→AB |
=
| −→AP |
| −→AB |

(4.47)

Due to their vectorial character phasors allow the calculation of distances in the
phasor plot as the length of vectors. For example | −→AB | is the length of the
vector connecting the phasors A and B. As already mentioned above, the con-
tributing lifetimes τ1 and τ2 can easily be calculated from the phasor coordinates.

In practice there is often no or only limited a priori knowledge about the un-
derlying fluorescence decay of a phasor. In experiments usually the effect of
changing one specific parameter on the fluorescence decay is of interest. In the
case of a biexponential decay with changing fractional contributions of the two
basic lifetime components this leads in the phasor plot to a cloud of phasors
that „appears“ along a straight line as a function of the parameter of interest, as
shown in Fig. 4.17.

Figure 4.17.: Resolving a biexponential decay by linear fitting: By performing a
linear fit through the cloud of measured phasors (cyan), the underlying biexponential
decay can be resolved from a cloud of scattered phasors in the phasor space. The intersec-
tions of the linear fit with the universal semicircle yield the phasors A and B of the two
contributing lifetimes τ1 and τ2. For details see text.

The movement of the phasors along the line indicates a biexponential decay hav-
ing two contributing lifetimes τ1 and τ2 with changing fractional contributions
for the different phasors. To determine the two contributing lifetimes of the
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underlying biexponential decay a linear fit11 is performed through the cloud of
scattered phasors. The intersections of the linear fit and the universal semicircle
reveal the phasors A and B of the two basic lifetimes τ1 and τ2, which can be
calculated from their phasor coordinates as described before.

As the straight line, which leads to the identification of the two contributing
lifetimes τ1 and τ2, is determined via linear fitting, in general the phasors in the
„cloud of interest“ do not fall directly on this line but have a small displacement.
When calculating the fractional contributions of the two lifetime components for
each phasor in the cloud of phasors, this displacement has to be taken into
account. Fig. 4.18 shows an example for a distinct phasor P in the cloud of
scattered phasors that has a small displacement from the fitted line.

Figure 4.18.: Calculating the fractional contributions of the lifetime components
of a biexponential decay from the linear fit through a cloud of phasors: The
phasor P is one distinct phasor within the cloud of scattered phasors. On the right hand
side a zoomed in view is shown to visualize the distance of the phasor P from the straight
line of the linear fit. Scalar projection of the vector connecting the phasors A and P
yields the helping phasor Q which lies on the fitted line and allows the calculation of the
fractional contributions as already described. For details see text.

The relative contributions of the two contributing lifetimes can be calculated for
this phasor P by using the vectorial character of the phasor. In order to take
into account the small displacement of the phasor from the fitted line, a helping
phasor Q is defined by performing a scalar projection. The scalar product known
from vector algebra as

−→
AP · −→AB = | −→AP | | −→AB | cos(Θ) (4.48)

11Although in general a least-square linear fit can be applied, considering the uncertainty
of both phasor coordinates due to their calculation from measured data instead performing an
orthogonal distance regression (ODR) linear fit is preferred [121, 131]. See also Appendix C.
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allows calculation of the angle Θ between the vectors
−→
AP and

−→
AB. Afterwards

the scalar projection of the vector
−→
AP on

−→
AB can be calculated as

| −→AQ | = | −→AP | cos(Θ) (4.49)

defining the helping phasor Q. This helping phasor Q lies on the fitted line and
allows to determine the two segments a and b needed for the calculation of the
two fractional contributions f1 and f2 of the two basic lifetimes τ1 and τ2. Thus,
f2 can be calculated as

f2 =
a

| −→AB |
=
| −→AQ |
| −→AB |

=
| −→AP | cos(Θ)

| −→AB |
(4.50)

and f1 can be calculated analogously or simply by subtraction of vector lengths

f1 = | −→AB | − a = | −→AB | − | −→AQ | (4.51)

4.5.2. Triexponential decays

Although biexponential decays are the most common case of multiexponential
decays in fluorescence kinetics, sometimes even triexponential decays occur. The
analysis of the contributing lifetime components and their fractional contribu-
tions which was just described for two underlying exponentials can easily ex-
panded to three exponentials as phasors follow vector algebra.

Phasors corresponding to triexponential decays are located inside a triangle in
the phasor space which is spanned by the phasors of the three contributing
lifetimes, as sketched in Fig. 4.19. A phasor P corresponding to a triexponential
decay lies within the triangle of phasors spanned by the phasors A,B and C
of the three contributing basic lifetimes τ1, τ2 and τ3. As the phasors A,B and
C each correspond to single lifetime values, these phasors lie on the universal
semicircle. The phasor P splits the total area of the big triangle ABC into three
segments, named α, β and γ, which are defined by the smaller triangles BCP,
ACP and ABP, respectively. The calculation of the fractional contributions of
the three lifetime components follows the same logic as for the biexponential
decays. Whereas the analysis of biexponential decays follows the lever rule using
linear segments of a straight line, this changes into using the areas of the smaller
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triangles α, β and γ instead of the linear segments of a straight line.

Figure 4.19.: Phasor of a triexponential decay: The phasor P corresponding to a
triexponential decay lies within the triangle of phasors spanned by the phasors A,B and
C of the three contributing basic lifetimes τ1, τ2 and τ3. On the right hand side a zoomed
view of the triangle of phasors is shown. The phasor P divides the total area of the
triangle ABC in smaller triangles α, β and γ which are defined by the triangles BCP,
ACP and ABP, respectively. For details see text.

Thus, for a triexponetial decay the relative contributions f1, f2 and f3 of the three
lifetime components τ1, τ2 and τ3 are given by

f1 =
Aα

AABC
(4.52)

f2 =
Aβ

AABC
(4.53)

f3 =
Aγ

AABC
(4.54)

The different parameters A denote the area of the triangle named in the sub-
script, respectively, such as Aα refers to the area of the triangle α, and so on.

The vectorial character of the phasors allows the calculation of the areas of the
triangles α, β, γ and ABC by means of the cross product of vector algebra.
As the cross product is only defined in three dimensions it is assumed for the
moment that there is a third axis perpendicular to the plane of the phasor plot.
Consequently, the phasors have a third component of value zero by assumption
for the moment. Per definition the norm of the cross product −→a ×

−→
b can be

interpreted as the area of the parallelogram spanned by the vectors −→a and
−→
b .

For vectors with one component equal to zero the related cross product results
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in a vector with only one component being different from zero. Thus, the area of
the parallelogram spanned by the vectors −→a and

−→
b can easily be calculated as

the norm of the cross product. The calculation of the norm of the cross product
reduces to a simple multiplication and subtraction of the phasor coordinates as
shown in equation 4.55:

| −→a ×
−→
b | =

∣∣∣∣
a1

a2

0

×
b1

b2

0

 ∣∣∣∣ = ∣∣∣∣
 0

0
a1b2 − a2b1

 ∣∣∣∣ = a1b2 − a2b1 (4.55)

From basic mathematics it follows that a parallelogram is divided into two tri-
angles of equal area by its diagonal. Thus, the area of the triangles α, β and γ

and the big triangle ABC can easily be calculated using the cross product for-
mulation in equation 4.55 and the phasor coordinates of the phasors spanning
the different triangles. Finally, calculation of the three fractional contributions
f1, f2 and f3 is possible with the following equations:

f1 =
Aα

AABC
=

0.5 |−→BC×−→BP|
0.5 |−→AB×−→AC|

=
|−→BC×−→BP|
|−→AB×−→AC|

(4.56)

f2 =
Aβ

AABC
=

0.5 |−→AP×−→AC|
0.5 |−→AB×−→AC|

=
|−→AP×−→AC|
|−→AB×−→AC|

(4.57)

f3 =
Aγ

AABC
=

0.5 |−→AB×−→AP|
0.5 |−→AB×−→AC|

=
|−→AB×−→AP|
|−→AB×−→AC|

(4.58)

The notation of the vectors follows the geometry shown in Fig. 4.19. Thus, for
example the vector

−→
AB connects the phasors A and B.

4.5.3. A special triexponential decay: Expanding a

biexponential decay by adding a third component

In the previous section the general case of a triexponential decay with three
known contributing lifetime components was discussed. Now we focus on a
more complex situation when a biexponential decay is expanded to a triexpo-
nential decay by adding a third component. Fig. 4.20 illustrates this situation
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exemplarily: On the left hand side of the figure a phasor P corresponding to a
decay that is assumed to be biexponential is shown in purple color. It can be
seen clearly that this phasor lies apart from the straight line (shown in grey)
defining all possible locations of the biexponential decay with contributing life-
time components τ1 and τ2 represented by the phasors A and B, shown in green
and blue respectively. Consequently, the purple colored phasor P cannot corre-
spond to a biexponential decay and thus has to be described by a triexponential
decay. As the purple colored phasor originally was expected to correspond to a
biexponential decay, it can now be assumed that the two contributing lifetimes
τ1 and τ2, as well as the ratio of their relative contributions is maintained in the
observed triexponential decay. On the right hand side of Fig. 4.20 two possible
locations of the phasor C, representing the third, yet unknown, contributing life-
time component τ3, are shown as red circles. The corresponding big triangles
ABC are illustrated by the dotted and dashed lines, respectively.

Figure 4.20.: Phasor of a triexponential decay expanded from a biexponential de-
cay: On the left hand side a purple colored phasor P clearly lies apart from the straight
line (shown in grey) defining all possible locations of the biexponential decay with con-
tributing lifetime components τ1 and τ2 represented by the phasors A and B, shown in
green and blue, respectively. Thus, this phasor has to be described by a triexponential
decay. On the right hand side two possible locations of the phasor C, representing the
third, yet unknown contributing lifetime component τ3, are illustrated in red. The trian-
gles connecting the possible phasors C with the phasors A and B are illustrated as dotted
and dashed lines, respectively. For detailed description see text.

In order to determine the position of the phasor C and the corresponding third
lifetime component τ3 of this special triexponential decay, a procedure of calcu-
lation is developed: As outlined before, in general a phasor P corresponding to
a triexponential decay lies within a triangle spanned by the phasors A, B and C
of the contributing lifetime components τ1, τ2 and τ3 as visualized in Fig. 4.21.
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Figure 4.21.: Triexponential phasor lying within a triangle: A phasor P (purple
circle) corresponding to a triexponential decay lies within a triangle ABC. The triangle
is spanned by the phasors A, B and C (green, blue and red colored circles, respectively)
corresponding to the contributing lifetimes τ1, τ2 and τ3. The phasor P divides the total
area of the big triangle ABC into smaller triangles α, β and γ, colored in green, red and
blue. For detailed description see text.

The phasors A, B and C of the contributing lifetimes τ1, τ2 and τ3 lie on the uni-
versal semicircle and thus, as stated before, their coordinates can be calculated
by

G(ω) =
1

1 + ω2τ2

S(ω) =
ωτ

1 + ω2τ2

As phasors are vectors by definition, these two relations for the coordinates of a
phasor representing a monoexponential decay can be expanded to the case of a
multiexponential phasor [113, 115]. The phasor coordinates of a multiexponen-
tial decay in general fulfill the following relations:

G(ω) = ∑
i

fi Gi(ω) = ∑
i

fi
1

1 + ω2τ2
i

(4.59)

S(ω) = ∑
i

fi Si(ω) = ∑
i

fi
ωτi

1 + ω2τ2
i

(4.60)

The index i is counting the number of exponentials. The coefficients fi are the
fractional contributions of the i-th exponential.

This general knowledge about phasors corresponding to multiexponential de-
cays allows writing of the phasor coordinates GP and SP of the phasor P, cor-

79



4. The Phasor Approach

responding to the triexponential decay in Fig. 4.20, as weighted sums of the
coordinates of the phasors A, B and C:

GP = fA GA + fB GB + fC GC (4.61)

SP = fA SA + fB SB + fC SC (4.62)

The coefficients fA, fB and fC are the fractional contributions of the basic lifetime
components τ1,τ2 and τ3 contributing to the triexponential decay. Thus, they are
identical to the fractional contributions f1, f2 and f3 discussed in the last section
and follow the relations

fA =
Aα

AABC
(4.63)

fB =
Aβ

AABC
(4.64)

fC =
Aγ

AABC
(4.65)

The total area AABC of the big triangle ABC is given by the sum of the areas Aα,
Aβ and Aγ of the smaller triangles α, β and γ as visualized in Fig. 4.21

AABC = Aα + Aβ + Aγ (4.66)

Using this relation allows reformulation of equation 4.62 as

AABC SP = Aα SA + Aβ SB + Aγ SC (4.67)

Thus, the phasor coordinate SC of the yet unknown phasor C, is accessible by

SC =
AABC SP − Aα SA − Aβ SB

Aγ
(4.68)

As stated before, for the phasor P it is assumed that the two contributing life-
times τ1 and τ2, as well as the ratio of their relative contributions, is maintained
when expanding the expected biexponential to a triexponential decay. Thus, the
phasor coordinates of the phasors A and B as well as the area Aγ of the small
triangle γ are known.

Aγ = 0.5 |−→AB×−→AP| = 0.5 (GBA SPA − SBA GPA) (4.69)
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The appearing values GBA, SPA, SBA and GPA are defined as the differences of
the corresponding phasor coordinates, such as GBA = GB − GA for example.

Taking this assumption into account and recognizing moreover the fact, that the
calculation of the areas of the triangles ABC, α, β and γ can be easily done
by using the cross product, one obtains a quadratic equation for the phasor
coordinate GC which can be solved. Thus, one finally obtains12 the following
equation for calculation of the phasor coordinate GC of the yet unknown phasor
C:

GC1,2 =
−(−2u1u3 − u2

2)±
√
(−2u1u3 − u2

2)
2 − 4 (u2

3 + u2
2) u2

1

2 (u2
3 + u2

2)
(4.70)

with u0, u1, u2 and u3 defined as

u0 =
R SPA + SPB

0.5 (GBA SPA − SBA GPA)
(4.71)

u1 = −0.5 GPA SA u0 + 0.5 SPA GA u0 + SP (4.72)

u2 = (1− 0.5 GPA u0) (4.73)

u3 = (0.5 SPA u0) (4.74)

and
R =

Aα

Aβ
(4.75)

denoting the ratio of the fractional contributions of the lifetime components of
the biexponential decay, given by the quotient of the areas of the smaller trian-
gles α and β.

Calculation of the fluorescence lifetimes corresponding to the two solutions of
GC allows for the evaluation of the correct solution as τ3 has to fulfill the con-
straint τ2 < τ3 < τ1, see Figures 4.19 and 4.21. Afterwards, the calculation of the
other phasor coordinate SC is easily possible.

12The detailed calculation is shown in Appendix B.4
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4.6. The strength of phasor analysis

As outlined in the previous sections of this chapter it is a fundamental feature
of the phasor approach that it is based only on the experimental data of the
time-resolved measurements and does not require any a priori assumption of the
underlying kinetics. The calculation of the phasor coordinates and their subse-
quent evaluation allows for identification of the measured kinetics simply from
of the phasor positions in the phasor plot with respect to the universal semicir-
cle. Thus, referring only to the measured data in the time-domain and giving
direct access to the underlying kinetics allows for an intuitive analysis of that
kinetics which is not interfered by any probably misleading a priori assumption.
Moreover, the analysis of time-domain data using the phasor approach allows
for the resolution of lifetime components contributing to the total kinetics which
would otherwise not be resolved by the ‘traditional ‘ fitting as there is no such in-
dication from the shape of the fluorescence transient [132]. This special strength
of the phasor approach is outlined in more detail in Appendix D.

4.7. Summary and Conclusion: The phasor

approach to time domain measurements

The theory of the phasor approach has been introduced as a powerful tool for
both, the visualization as well as the model-free analysis of fluorescence lifetime
data. Although originally formulated for fluorescence lifetime measurements
in the frequency domain, the basic formulation of the phasor approach for the
time domain is now adapted to discrete fluorescence lifetime data extracted from
streak camera measurements or alternatively resulting from time-correlated sin-
gle photon counting (TCSPC).

A procedure for the calculation of the phasor coordinates was developed: In
principle the calculation of the phasor coordinates is performed via Fourier
transformation of the discrete fluorescence decay curve resulting from time do-
main measurements and additionally taking into account the length of the mea-
sured temporal window as well as the number of data points within this win-
dow. Furthermore, the correction of background fluorescence and the correction
of the influence of a measured instrument response function (IRF) are taken into
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account for the proposed procedure of phasor calculation. Moreover, the influ-
ence and importance of the transformation frequency and the harmonic number
of the transformation have been discussed. The complete procedure of phasor
calculation that is developed and outlined in this chapter and the subsequent
analysis of lifetimes and their corresponding amplitudes has been implemented
in a script written in Python™.

After calculation of the phasor coordinates, by plotting the phasors within a
phasor plot the major strength of the phasor approach to fluorescence lifetime
data is revealed: Fluorescence lifetimes and decay processes can be analyzed and
identified by their phasors and their phasor positions within the phasor plot, re-
spectively. Simple inspection of the plotted data by eye allows for a qualitative
analysis of the data. The distinction of single exponential and multiexponential
decays directly from the position of the phasors with respect to the universal
semicircle is an intrinsic property of the phasor approach and the phasor plot.
Moreover, the phasor approach also allows for quantitative analysis. The cal-
culation of the contributing fluorescence lifetime components and their corre-
sponding fractional contributions is described in detail for both, biexponential
as well as triexponential kinetics.

In summary, the phasor approach allows for detailed investigation of the fluores-
cence kinetics of a sample based only on the measured data and giving access to
both, qualitative as well as quantitative information of those kinetics. Moreover,
phasor analysis allows for the resolution of the contributing lifetime components
of a multiexponential kinetics that feature only a small fractional contribution,
either resulting from a small value of the lifetime or a small relative amplitude or
both. Such contributions to a multiexponential kinetics are mostly not accessible
using the ‘traditional‘ fitting approach.
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isolated B830 LH2 complexes

of Marichromatium purpuratum

Isolated LH2 complexes of the purple bacterium Marichromatium purpuratum
are studied in detergent solution (20 mM HEPES, 0.1% LDAO, pH 7.8) by time-
resolved spectroscopy as outlined in Chapter 3.2. Upon excitation either into the
higher energetic shoulder of the characteristic absorption spectrum in the NIR
or excitation into the pronounced absorption band in the VIS, fluorescence emis-
sion is detected above 810 nm, as indicated by the red boxed region in Fig. 5.1.

Figure 5.1.: Detection of the fluorescence emission upon excitation at different
wavelengths: The normalized absorption spectrum of the LH2 complex of Marichro-
matium purpuratum in detergent solution (20 mM HEPES, 0.1% LDAO, pH 7.8) is
shown as solid line. The different excitation laser wavelengths of 485 nm, 560 nm and
790 nm are indicated by arrows of turquoise, green and red color, respectively. Fluo-
rescence emission is detected above 810 nm as indicated by the red shaded region of the
absorption spectrum. The normalized fluorescence emission spectrum is shown as dashed
line. For details see text.
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Aim of the time-resolved experiments is to investigate the fluorescence kinetics
of the light harvesting complexes and thus to obtain knowledge about its elec-
tronic structure. In the following, first the experimental parameters, such as the
excitation fluence and the laser repetition rate, and the purpose of their vari-
ations are explained in detail. Next, the kinetics of the observed fluorescence
transients are analyzed as a function experimental parameters using the phasor
approach for each of the different excitation wavelength.

5.1. Experimental conditions for probing di�erent

situations of excitations

From previous studies on LH2 complexes of various species of purple bacteria
it is known that all LH2 complexes studied so far follow a modular construction
principle and have common features such as a ring-shaped arrangement of pig-
ments, bacteriochlorophylls and carotenoids, hold in place by a protein scaffold,
see Chapter 2. Besides the homology of apoprotein sequences for the B830 LH2
complex of Mch. purpuratum and the ‘standard‘ LH2 complex of Rps. acidophila,
reported before [94], the recently published structure of the B830 LH2 com-
plex of Mch. purpuratum [96] confirms LH2 of Mch. purpuratum to fit into the
generally accepted building scheme of LH2 complexes. Presumably, the elec-
tronic structure of the LH2 complex of Rps. acidophila can be used as a starting
point for the investigation of the electronic structure of the B830 LH2 complex
of Mch. purpuratum. Thus, for the following considerations the simplified energy
level scheme of Rps. acidophila presented in Chapter 2 is adapted for the B830
LH2 complex of Mch. purpuratum.

The simplified energy level scheme that is expected for the B830 LH2 complex
is shown in Fig. 5.2. As before, the excited states are shown as single energy
levels, named 1B800*, 1B830* and 3Car*. In analogy to the photophysics of LH2
of Rps. acidophila for the B830 LH2 complex of Mch. purpuratum it is assumed:
Excitation laser light in the near-infrared, e.g. at a wavelength of 790 nm, is ab-
sorbed by the B800 bacteriochlorophyll a molecules.1. Subsequently, the energy

1The possible excitation into the carotenoid absorption band of the LH2 complex is ne-
glected for the moment. This simplification is valid due to the highly efficient carotenoid-to-
bacteriochlorphyll energy transfer, resulting in excitation of the BChl a molecules within LH2
in similar manner as for direct excitation of BChl a, see Section 2.3.1. Thus, the considerations
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is transferred to the excited 1B830* state within approximately 1 ps [47]. Fluores-
cence emission occurs upon radiative relaxation to the B830 ground state within
approximately 1 ns [1, 2]. Alternatively, the energy of the excited 1B830* state
can be transferred to the carotenoid triplet state 3Car* via intersystem crossing
within 10 ns [53, 76] and relaxes to the carotenoid ground state within 1.2 µs [57],
which was reported as the lifetime value of the triplet state for the carotenoid
okenon incorporated in the B830 LH2 complex of Mch. purpuratum.

Figure 5.2.: Simplified energy level scheme of the B830 LH2 complex: The excited
states of the three groups of pigments, the B800 BChl a molecules, the B830 BChl a
molecules and the Car molecules, are shown as single energy levels. The singlet excitation
levels of the B800 and the B830 ring are denoted as 1B800* and 1B830*, respectively.
The triplet state of the Car molecules is referred to as 3Car*. Absorption of excitation
light is depicted by the red arrow, downhill transitions between the distinct energy levels
are depicted as grey arrows. For details see text and Chapter 2.

Obviously, the energy transfer processes depicted in Fig. 5.2 occur on different
timescales covering a range of several orders of magnitude. This allows for
probing different situations of electronic excitations within the LH2 complex by
choosing the excitation conditions properly. In this thesis the excitation condi-
tions are determined by the variation of the excitation fluence and the variation
of the laser repetition rate.

Variation of the excitation fluence, defined as the number of photons per pulse
and area arriving at the sample, results in different numbers of excitations that

outlined next for excitation of BChl a is valid for excitation of carotenoids likewise.
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are created in the LH2 complex. The created singlet excitations in the B830 bac-
teriochlorophylls delocalize over parts of the LH2 ring [51, 1, 48, 49, 50] and are
known to be mobile along the ring. Thus, for high excitation fluences multiple
singlet excitations within one LH2 ring can occur [61]. Due to their mobility, the
singlet excitations can travel along the ring and meet each other. If this happens,
singlet-singlet-annihilation (SSA) is possible to occur. Moreover, high excitation
fluences can also lead to the formation of triplet excitations, see also Chapter 2.
Those triplet excitations are reported to be almost immobile2 and thus can be
expected as localized on the carotenoid molecules. [63, 64, 65].

Variation of the laser repetition rate corresponds to different temporal separa-
tions between the excitation laser pulses. Hence, by increasing the laser repeti-
tion rate, which corresponds to shorter temporal separation between the pulses,
the probability rises that an LH2 complex still carries an excitation resulting
from the previous pulse. From the fast energy transfer processes within the
LH2 complex and the carotenoid triplet lifetime in the order of microseconds it
follows that these excitations resulting from a previous pulse must be triplet ex-
citations. Thus, an increase of the laser repetition rate is expected to result in an
increase of the probability for the occurrence of singlet-triplet-annihilation (STA)
events. For the combination of high excitation fluences and high laser repetition
rates, moreover, triplet-triplet-annihilation (TTA) might be possible when several
triplet excitations occur within one LH2 ring.

Thus, experimental variation of the excitation photon fluence and the laser repe-
tition rate allows to prepare several situations of electronic excitations within the
LH2 complex and to probe various decay channels and annihilation processes.
This principle is common practice for investigating the kinetics of electronic ex-
citations [3, 69, 70] and should allow for detailed analysis of the electronic struc-
ture of the B830 LH2 complex of Marichromatium purpuratum.

2For triplet excitations the transfer of energy requires wavefunction overlap, hence triplet
excitations are considered as rather immobile.
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5.2. Excitation into the BChl a absorption band in

the NIR (790 nm)

Experiments of time-resolved spectroscopy using a streak camera and an excita-
tion laser wavelength of 790 nm are performed on isolated B830 LH2 complexes
in detergent solution as a function of the excitation fluence and the laser repeti-
tion rate. For experimental details see Chapter 3: Materials and Methods.

For these experiments the excitation fluence is varied over more than one or-
der of magnitude from 5 · 1012, 1 · 1013 to 1 · 1014 photons/(pulse·cm2). In the
further course of this thesis, sometimes these values for excitation fluences are
denoted as ’5E12’, ’1E13’ and ’1E14’ without naming the units of photons per
pulse and squared centimeters for reasons of abbreviation and smoother read-
ing. The laser repetition rate is varied over three orders of magnitude ranging
from 0.05 MHz, 0.5 MHz, 2 MHz, 8 MHz to 80 MHz, corresponding to temporal
separations between two successive laser pulses of 20 µs, 2 µs, 500 ns, 125 ns and
12.5 ns, respectively. Table 5.1 shows the parameter combinations for which ex-
periments with excitation wavelength of 790 nm are performed.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 - - +

0.5 - + +

2 o + +

8 o + +

80 + + +

Table 5.1.: Variation of the excitation parameters for an excitation wavelength
of 790 nm: Time-resolved experiments are performed for all combinations of excitation
parameters shown. For the different parameter situations the experiment gave a good
signal (+), a weak signal (o) or no signal (-). For details see text.

For excitation parameter combinations labeled with a minus sign in Table 5.1 no
fluorescence emission is detectable as the fluorescence signal is too weak for the
streak camera. Combinations marked with a neutral sign (o) indicate that a weak
fluorescence emission is observed but no good signal-to-noise ratio is achieved
for those experiments. For excitation parameter combinations labeled with a
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plus sign, results with good signal-to-noise ratio are obtained. These parameter
combinations are used to analyze the fluorescence kinetics of the isolated B830
LH2 complexes below.

5.2.1. Observed �uorescence kinetics

The fluorescence transients of isolated LH2 complexes of Mch. purpuratum re-
sulting from excitation at 790 nm into the bacteriochlorophyll absorption band
are shown as a function of the excitation parameters in Fig. 5.3. Only the flu-
orescence transients corresponding to those excitation parameter combinations
labeled in green in Table 5.1 are shown. Each fluorescence transient is normal-
ized to its maximum and plotted in semi-logarithmic scaling. Analogously to
Table 5.1, the different columns in Fig. 5.3 correspond to different excitation flu-
ences and different rows correspond to different laser repetition rates. Linear
scaling on logarithmic scale reveals on first sight that all fluorescence transients
have linear shapes thus indicating a monoexponential kinetics. In the literature
monoexponential fluorescence kinetics are reported for isolated LH2 complexes
of several other species of light harvesting purple bacteria [1, 2]. A more detailed
quantitative analysis of the observed fluorescence transients is performed in the
next section by using the phasor approach.
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Figure 5.3.: Observed fluorescence transients of isolated B830 LH2 complexes
upon excitation at 790 nm as a function of the excitation parameters: The nor-
malized fluorescence transients of the isolated LH2 complexes of Mch. purpuratum are
shown in semi-logarithmic scaling as a function of the excitation parameters. Different
rows correspond to different laser repetition rates (increasing from top to bottom). Dif-
ferent columns correspond to different excitation fluences (increasing from left to right).
For details see text.
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5.2.2. Analysis of the observed �uorescence kinetics using the

phasor approach

The phasor approach has been introduced and explained in detail in Chapter 4.
The specific formulation for the time domain, that is developed there, is now ap-
plied on the measured fluorescence transients. All phasors shown in the follow-
ing are calculated according to the procedure of phasor calculation visualized in
the flow chart in Fig. 4.9. Thus, all phasors are already corrected for background
fluorescence and the influence of the IRF. The harmonic number of the Fourier
transformation used for the calculation of the phasor coordinates is chosen to
n = 5 in order to achieve a reasonable scaling of the lifetime ruler along the
universal semicircle as shown in Fig. 5.4. Choosing the harmonic number of the
transformation to n = 5 corresponds to an effective increase of the transforma-
tion frequency of the Fourier transform3.

Figure 5.4.: Ruler of lifetimes: Walking counterclockwise along the universal semicir-
cle, the phasors corresponding to the lifetime values of 0 ns, 0.1 ns, 0.2 ns, 0.5 ns, 1 ns,
2 ns, 5 ns and 10 ns are shown.

This ruler of lifetimes will be shown in all phasor plots from now on to allow
for orientation within the phasor plot. For reasons of clarity only the grey dots
will be shown, without labels.

3For time domain measurements the transformation frequency ω of the Fourier transform
is in general a fixed value determined by the length of the temporal detection window, see also
Section 4.3.1. A higher harmonic of the transformation corresponds to a transformation with an
effective transformation frequency ωe f f = n ·ω.
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The detailed analysis of the observed fluorescence transients given below fo-
cuses on different aspects: First, the situation corresponding to a low number
of excitations within the LH2 complex is discussed. This situation occurs for
low laser repetition rates, such as 0.05 MHz and 0.5 MHz. Next, the influence of
an increase of the laser repetition rate is analyzed for moderate laser repetition
rates (2 MHz and 8 MHz) and high laser repetition rates (80 MHz). Finally, the
influence of a variation of the excitation fluence is discussed. Both, an increase
of the laser repetition rate as well as an increase of the excitation fluence, corre-
spond to situations with high numbers of electronic excitations within the LH2
complex.

Commentaries:

• All frequencies named in the following analysis of the fluorescence tran-
sient using the phasor approach and the accompanying figures refer to the
laser repetition rates of the experiments and do not correspond to the trans-
formation frequencies ω at which the phasor coordinates were calculated
from the measured fluorescence transients.

• All phasors shown afterwards were calculated from the measured data as
outlined above and thus are expected to have an uncertainty in their posi-
tion within the phasor plot. Thus, phasors are shown with corresponding
error bars when necessary. The estimation of uncertainties for the phasor
positions within the phasor plot is given in detail in Appendix C.

Qualitative analysis of the calculated phasors

The phasor plots shown in Fig. 5.5 allow for a first qualitative analysis of the
fluorescence kinetics of the B830 LH2 complex of Marichromatium purpuratum.
The phasors that were calculated from the measured fluorescence transients are
plotted in separate phasor plots for each of the categories of laser repetition rates,
low, medium and high laser repetition rates, respectively. Whereas on the left
hand side of Fig. 5.5 complete phasor plots are shown, on the right hand side
a zoomed view allows for a more detailed inspection of the phasor positions.
Evidently, the phasors corresponding to all measured fluorescence transients lie
inside the universal semicircle. This clearly indicates a non-monoexponential
kinetics for all excitation parameter combinations of the laser repetition rate and
the excitation fluence.
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Figure 5.5.: Comparison of phasor positions in the phasor plot: The calculated
phasors corresponding to the measured fluorescence transients resulting from excitation
at 790 nm are shown in single phasor plots for each of the different categories of laser
repetition rates, low, medium and high repetition rates, respectively. On the left hand
side the complete phasor plots are shown including a ruler of lifetimes (grey circles)
counterclockwise corresponding to the lifetime values of 0 ns, 0.1 ns, 0.2 ns, 0.5 ns, 1 ns,
2 ns, 5 ns and 10 ns. On the right hand side zoomed views of the phasor plots allow for
detailed inspection of the phasor positions. Different laser repetition rates are coded by
color, different excitation fluences are coded by symbol. For details see text.
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Quantitative analysis

In Fig. 5.6 the phasors of all measured fluorescence transients of isolated LH2
complexes of Marichromatium purpuratum resulting from excitation at 790 nm are
shown within one phasor plot in order to allow for comparison. For low laser re-
petition rates the phasors corresponding to the measured fluorescence transients
show overlapping uncertainties of their phasor positions, whereas for increasing
laser repetition rate and increasing excitation fluence a significant shift of the
phasor positions is observed. Moreover, the phasors of the whole data set op-
tically seem to align on a straight line, thus giving rise to the assumption of a
biexponential decay, compare Section 4.5.1.

Figure 5.6.: Comparison of phasor positions in the phasor plot for excitation of
BChl a: The calculated phasors corresponding to the measured fluorescence transients
resulting from excitation at 790 nm are shown in one phasor plots together with their
respective error bars to allow for comparison of the phasor positions. Different laser
repetition rates are coded in color, different excitation fluences are coded by symbol. The
two grey dots on the universal semicircle counterclockwise correspond to the values of
0.5 ns and 1 ns on the ruler of lifetimes. For details see text.

Although a first view on the phasors in Fig. 5.6 might indicate a biexponential
kinetics for the measured fluorescence of the B830 LH2 complex, it has to be
kept in mind that those phasors correspond to different situations of electronic
excitations within the LH2 complex as their corresponding excitation parameter
combinations differ significantly. This circumstance follows directly from the
experimental approach of a well-aimed variation of the excitation parameters,
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namely the excitation fluence and the laser repetition rate, in order to investi-
gate the kinetics of electronic excitations within LH2, as outlined in detail in
Section 5.1. Thus, assuming that the entire dataset of phasors follows one global
biexponential kinetics, as one might identify by performing a linear fit to the
group of phasors as outlined in Section 4.5.1, is not sufficient4. Rather, the ex-
perimental situation corresponding to a low number of electronic excitations
within the LH2 complex, thus avoiding mostly any annihilation and quenching
effects, can be used for determining the kinetics of the ‘pure‘ and mostly undis-
turbed fluorescence response of the LH2 complex. This fluorescence kinetics can
then be used as a starting point for the further analysis.

In order to allow for a consistent description of the entire dataset of the measured
fluorescence transients of the B830 LH2 complexes upon excitation of BChl a a
detailed analysis of the calculated phasors is performed below for the different
categories of laser repetition rates. First, the biexponential kinetics for a low
number of excitations within the LH2 complex is determined from the phasors
corresponding to low laser repetition rates. For an excitation wavelength of
790 nm the situation of only a low number of electronic excitations within the
LH2 corresponds to low laser repetition rates, which are 0.05 MHz and 0.5 MHz
in this thesis. Next, this biexponential kinetics is kept fixed and for all other
phasors it is checked if their phasor positions correspond to that biexponential
kinetics or whether a third lifetime component is needed.

Low laser repetition rates: 0.05MHz and 0.5MHz

For low laser repetition rates, such as 0.05 MHz and 0.5 MHz, the temporal sepa-
ration between the excitation laser pulses amounts to 20 µs and 2 µs, respectively.
These temporal separations of the excitation laser pulses are larger than the
timescales expected for the kinetics of the B830 LH2 complex of Marichromatium
purpuratum, compare Section 5.1 and especially Fig. 5.2. Thus, for low laser re-
petition rates the measured fluorescence transients are expected to represent the
fluorescence kinetics of the B830 LH2 complex corresponding to excitations re-
sulting from only one excitation laser pulse.

4Moreover, a detailed global analysis of the phasors reveals an inhomogeneity within the
dataset of phasors, thus showing that a consistent description using a global biexponential decay
is not possible, see Appendix E.1.
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In Fig. 5.7 the phasors corresponding to fluorescence transients measured at low
laser repetition rates are shown in a phasor plot. Performing a linear fit reveals a
biexponential decay with contributing lifetime components of 727 (+ 39/- 13) ps
and 51 (+ 215/- 140) ps 5. In the following these two lifetime components are
referred to as 730 ps and 50 ps, which is valid with respect to the uncertainty in-
terval. The biexponential decay is visualized as turquoise colored line in Fig. 5.7,
contributing lifetime components are given by the intersections of the turquoise
colored line with the universal semicircle.

Figure 5.7.: Phasor plot of the biexponential kinetics at low laser repetition
rates for excitation of BChl a: The phasors corresponding to the excitation parame-
ter combinations 0.05 MHz and 1E14, 0.5 MHz and 1E13 and 0.5 MHz and 1E14 are
shown. The laser repetition rate is coded by color (0.05 MHz: black, 0.5 MHz: red) and
the excitation fluence is coded by different symbols (1E13: circle, 1E14: diamond). The
turquoise colored line visualizes the biexponential kinetics resulting from the linear fit.
The black circles correspond to their intersections with the universal semicircle and cor-
respond to the two contributing lifetime components. A ruler of lifetimes is shown along
the universal semicircle (grey circles). Counterclockwise the values 0 ns, 0.1 ns, 0.2 ns,
0.5 ns, 1 ns, 2 ns, 5 ns and 10 ns are shown. For details see text.

The fractional contributions of the two lifetime components are calculated by
means of the lever rule, as outlined in Section 4.5.1, from the phasors correspond-
ing to the measured fluorescence transients and the two phasors corresponding
to the contributing lifetime components of the biexponential kinetics. The re-
sulting values for the fractional contributions f 730 and f 50 are summarized in
Table 5.2 as a function of the different excitation parameter combinations.

5The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C.
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excitation parameters f 730 f 50

0.05 MHz and 1E14 0.94 0.06

0.5 MHz and 1E13 0.92 0.08

0.5 MHz and 1E14 0.94 0.06

Table 5.2.: Fractional contributions f 730 and f 50 of the biexponential fluorescence
kinetics at low laser repetition rates

Evidently, at low laser repetition rates all excitation parameter combinations
show a similar ratio of the fractional contributions of the two contributing life-
times of the biexponential kinetics. On average the relative contributions the two
lifetime components 730 ps and 50 ps amount to 0.93 and 0.07, respectively.

Medium laser repetition rates: 2 MHz and 8 MHz

For medium laser repetition rates of 2 MHz and 8 MHz the temporal separa-
tion between the excitation laser pulses is in the order of several hundreds of
nanoseconds. As a consequence of the smaller temporal separation of the suc-
cessive excitation laser pulses, a more complex situation of excitations within the
B830 LH2 complex may appear. Namely, the probability that an LH2 complex
carries an excitation resulting from a previous pulse increases with the excitation
laser repetition rate, see also Section 5.1. Thus, for each fluorescence decay mea-
sured for medium laser repetition rates it is tested whether its corresponding
phasor matches the biexponential kinetics found for low laser repetition rates
within the limits of the uncertainties or not.

The phasors corresponding to the fluorescence transients detected for different
excitation fluences and a laser repetition rate of 2 MHz are shown in Fig. 5.8
together with their error bars representing the uncertainties of the phasor po-
sitions. A zoomed view of the phasor plot is shown in order to compare the
positions of the calculated phasors easily with the biexponential decay that was
determined for low laser repetition rates in the last section. The biexponential
kinetics with the contributing lifetimes of 730 ps and 50 ps obtained before for
low laser repetition rates is visualized by the turquoise colored line, as before in
Fig. 5.7. Additionally, as red and black lines the lines of minimum and maximum
slope of the fitted parameters of the biexponential decay for low laser repetition
rates are shown, respectively, to visualize the tolerance interval of the linear fit.
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The grey circles on the universal semicircle are part of the ruler of lifetimes and
show the phasors corresponding to the values 0.5 ns and 1 ns counterclockwise.

Figure 5.8.: Phasor plot for fluorescence transients measured at a laser repetition
rate of 2 MHz: The phasors corresponding to the excitation parameter combinations
2 MHz and 1E13 and 2 MHz and 1E14 are shown. The excitation fluence is coded by
different symbols (1E13: circle, 1E14: diamond). Additionally, the biexponential kinetics
obtained for low laser repetition rates (compare Fig. 5.7) is shown as a straight line in
turquoise color. In order to visualize the tolerance interval of the biexponential kinetics
obtained for low laser repetition rates, in red and black color the lines with minimum and
maximum slope within the uncertainty of the fit are shown. The grey circles correspond
counterclockwise to the values 0.5 ns and 1 ns on the ruler of lifetimes. For detailed
description see text.

The phasor corresponding to the excitation fluence of 1 · 1013 photons/(pulse·cm2),
visualized by the blue circle symbol in Fig. 5.8, lies on the turquoise line repre-
senting the biexponential decay with the contributing lifetimes of 730 ps and
50 ps obtained for low laser repetition rates. Thus, the underlying kinetics is
biexponential and features the same two contributing lifetimes. In contrast, the
phasor corresponding to the parameter combination of an excitation fluence of
1 · 1014 photons/(pulse·cm2), visualized by the blue diamond symbol in Fig. 5.8,
lies close to that turquoise colored straight line, but not exactly on that line.
Nevertheless, its error bars overlap with the turquoise colored line as wells as
the red line representing the tolerance interval of the biexponential kinetics ob-
tained for low laser repetition rates. Thus, the underlying kinetics of the phasor
corresponding to an excitation fluence of 1 · 1014 photons/(pulse·cm2) is also bi-
exponential.
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The fractional contributions of the two lifetime components of 730 ps and 50 ps
as obtained for low laser repetition rates, are summarized in Table 5.3 for the
different excitation fluences and a laser repetition rate of 2 MHz.

excitation parameters f 730 f 50

2 MHz and 1E13 0.94 0.06

2 MHz and 1E14 0.92 0.08

Table 5.3.: Fractional contributions for the two lifetime components of 730 ps
and 50 ps for the fluorescence kinetics at a laser repetition rate of 2 MHz

In addition to the experiments for a laser repetition rate of 2 MHz, experiments
are also performed at a laser repetition rate of 8 MHz. The phasors correspond-
ing to the measured fluorescence transients are shown with their corresponding
error bars in Fig. 5.9 for different excitation fluences. As before, for a laser re-
petition rate of 2 MHz, a zoomed view of the phasor plot is shown in order to
compare the positions of the calculated phasors easily with the biexponential
decay observed for low laser repetition rates in the last section, again visualized
by the turquoise colored line. The tolerance interval of the fitted biexponential
decay is again visualized by the red and black lines corresponding to the lines
with minimum and maximum slope within the fitted parameters. The grey cir-
cles on the universal semicircle are part of the ruler of lifetimes and show the
phasors corresponding to the values 0.5 ns and 1 ns counterclockwise.

Notably, the phasors corresponding to a laser repetition rate of 8 MHz do not lie
on the straight line corresponding to the biexponential decay but have a small
deviation, see Fig. 5.9. For the phasor corresponding to the excitation fluence
of 1 · 1013 photons/(pulse·cm2), visualized by the green circle symbol, the error
bar overlaps with the turquoise colored line corresponding to the biexponential
decay obtained for low laser repetition rates with contributing lifetimes of 730 ps
and 50 ps. So, the underlying kinetics is also biexponential.
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Figure 5.9.: Phasor plot for fluorescence transients measured at a laser repetition
rate of 8 MHz: The phasors corresponding to the excitation parameter combinations
8 MHz and 1E13 and 8 MHz and 1E14 are shown. The excitation fluence is coded by
different symbols (1e14: diamond, 1e13: circle). The biexponential decay obtained for
low laser repetition rates (compare Fig. 5.7) is shown as a straight line in turquoise color.
The lines in red and black color represent the lines of minimum and maximum slope
within the fitted parameters and thus visualize the tolerance interval of the linear fit
yielding the biexponential decay for low laser repetition rates. The grey circles correspond
counterclockwise to the values 0.5 ns and 1 ns on the ruler of lifetimes. For detailed
description see text.

In contrast, the phasor corresponding to an excitation photon fluence of 1 · 1014

photons/(pulse·cm2) is clearly separated from the turquoise colored line, see
green diamond symbol Fig. 5.9. Moreover, it lies also clearly separated from
tolerance interval of the biexponential kinetics, visualized by the red and black
lines within the phasor plot. Hence, a biexponential kinetics is not sufficient and
the underlying kinetics has most probably an additional contributing lifetime
component, resulting in a triexponential kinetics, as already indicated in the
qualitative analysis above. For the analysis of this triexponential kinetics it is
assumed that the biexponential kinetics observed for low laser repetition rates
is preserved when the laser repetition rate is increased to 8 MHz. Therefore, the
biexponential decay is expanded to a triexponential decay by adding a third,
yet unknown lifetime component while keeping the two lifetime components
of the biexponential kinetics fixed. The algorithm for the calculation of such a
triexponential kinetics is introduced and outlined in detail in Section 4.5.3. The
results of the calculations, such as the values of the third lifetime component
and the fractional contributions of all three contributing lifetime components,
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are summarized in Table 5.4 for the different excitation parameter combinations.

excitation parameters f 730 f 50 τthird [ps] fthird

8 MHz and 1E13 0.92 0.08

8 MHz and 1E14 0.78 0.06 490 0.16

Table 5.4.: Calculated third lifetime component and fractional contributions of
the contributing lifetimes for the fluorescence kinetics at a laser repetition rate
of 8 MHz

High laser repetition rate: 80 MHz

For the highest laser repetition rate of 80 MHz, a situation with multiple elec-
tronic excitations within the LH2 complex may occur. Due to the short time
interval of only 12.5 ns between the excitation laser pulses, it is highly probable
that an LH2 complex still carries a triplet excitation resulting from the prior exci-
tation laser pulse, as already mentioned in Section 5.1. Thus, a complex situation
of both, singlet excitations as well as triplet excitations within the LH2 complex
is possible.

The phasors corresponding to the fluorescence transients measured for different
excitation fluences and a laser repetition rate of 80 MHz are shown in Fig. 5.10.
As before, for the laser repetition rates 2 MHz and 8 MHz, a zoomed view of the
phasor plot is shown to compare the positions of the calculated phasors with the
biexponential decay that was analyzed for low laser repetition rates. The biexpo-
nential kinetics with the contributing lifetimes of 730 ps and 50 ps corresponding
to a low number of excitations within the LH2 complex is again visualized by the
turquoise colored line. The tolerance interval of the fitted biexponential decay is
also again visualized by the red and black lines corresponding to the lines with
minimum and maximum slope within the fitted parameters. The grey dots on
the universal semicircle are part of the ruler of lifetimes and show the phasors
corresponding to the values 0.5 ns and 1 ns counterclockwise.
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Figure 5.10.: Phasor plots for fluorescence transients measured at 80 MHz: The
phasors corresponding to the excitation parameter combinations 80 MHz and 5E12,
80 MHz and 1E13 and 80 MHz and 1E14 are shown. The excitation fluence is coded
by different symbols (5E12: square, 1E13: circle, 1E14: diamond). Additionally, the
biexponential kinetics obtained for low laser repetition rates (compare Fig. 5.7) is shown
as a straight line in turquoise color. The lines in red and black color represent the lines
of minimum and maximum slope within the fitted parameters nd visualize the tolerance
interval of the linear fit. The grey circles correspond counterclockwise to the values 0.5 ns
and 1 ns on the ruler of lifetimes. For detailed description see text.

The square symbol of the phasor corresponding to the smallest excitation fluence
of 5 · 1012 photons/(pulse·cm2) lies close to the turquoise colored line represent-
ing the biexponential kinetics with the contributing lifetimes of 730 ps and 50 ps
obtained for low laser repetition rates, see Fig. 5.10. Moreover, it overlaps with
the red line visualizing the tolerance interval of the biexponential fit. Thus, its
underlying kinetics is assumed to be biexponential. In contrast, the phasors of
the other two excitation fluences clearly do not lie within or close to the tolerance
interval of the fitted biexponential decay obtained for low laser repetition rates.
The deviation from the turquoise colored line representing the biexponential de-
cay is the more pronounced for increasing excitation fluence and is significantly
larger than for the excitation fluences 1 · 1013 and 1 · 1014 photons/(pulse·cm2) at
lower laser repetition rates, compare Fig. 5.8 and Fig. 5.9. Thus, a triexponential
kinetics can be expected. In analogy to the considerations above for 8 MHz, it is
assumed that the biexponential kinetics observed for low laser repetition rates is
preserved when increasing the laser repetition rate to 80 MHz.

Hence, analogously to the calculations for medium laser repetition rates in the
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previous section, the third contributing lifetime component as well as the relative
fractional intensity contributions of the lifetime components can be calculated
according to Section 4.5.3. The resulting values are summarized in Table 5.5 for
the different excitation fluences and a laser repetition rate of 80 MHz.

excitation parameters f 730 f 50 τthird [ps] fthird

80 MHz and 5E12 0.90 0.1

80 MHz and 1E13 0.63 0.05 500 0.33

80 MHz and 1E14 0.6 0.05 520 0.35

Table 5.5.: Calculated third lifetime component and fractional contributions of
all three lifetime components for the fluorescence kinetics at a laser repetition
rate of 80 MHz

For the higher excitation photon fluences of 1 · 1013 photons/(pulse·cm2) and
1 · 1014 photons/(pulse·cm2) a triexponential kinetics is revealed by phasor anal-
ysis, whereas for the lowest excitation fluence of 5 · 1012 photons/(pulse·cm2) a
biexponential kinetics is observed. Notably, the value of the third contributing
lifetime component increases from 500 ps to 520 ps with increasing excitation flu-
ence. The corresponding fractional contributions of the third lifetime component
are in the same order of magnitude of 30 %, which is well above the respective
value found for the triexponential kinetics at 8 MHz before.

Variation of the excitation �uence

The analysis of the detected fluorescence transients above focused on the influ-
ence of the laser repetition rates, determining the temporal separation between
the excitation laser pulses. Nevertheless, the analysis also included some infor-
mation about the influence of the excitation fluence. The excitation fluence is
defined as the number of photons that arrives at the sample per pulse and area.
Thus, it determines the number of excitations that are created within the LH2
complex per excitation pulse. For all laser repetition rates a significant shift of
the phasor positions can be seen upon variation of the excitation fluences, com-
pare Fig. E.1 as well as Figures 5.8- 5.10. Especially for higher laser repetition
rates, such as 2 MHz, 8 MHz and 80 MHz, the phasors corresponding to high
excitation fluences of 1 · 1014 photons/(pulse·cm2) tend to shift towards shorter
lifetimes clockwise along the universal semicircle. Thus, a variation of the ex-
citation photon fluences, resulting in a variation of the number of electronic
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excitations created within the LH2 complex per excitation laser pulse, strongly
influences the observed fluorescence kinetics.

5.2.3. Summary of the �uorescence kinetics of isolated B830

complexes observed for excitation of BChl a

The fluorescence transients of isolated LH2 complexes from Mch. purpuratum
in detergent-solution were measured for different combinations of the excitation
fluence and the laser repetition rate for excitation of the BChl a molecules at
790 nm and analyzed. A first inspection of the fluorescence transients by eye
indicates a monoexponential kinetics as reported previously in literature for iso-
lated LH2 complexes of various other species of bacteria [1, 2]. A more detailed
analysis of the observed fluorescence transients was then performed using the
phasor approach, as introduced in detail in Chapter 4. The special strength of
the phasor approach is, that this method allows for the analysis of the fluores-
cence kinetics without any a priori knowledge or assumption. A first qualitative
analysis using the phasor approach surprisingly revealed a multiexponential ki-
netics for all measured fluorescence transients of isolated LH2 complexes from
Marichromatium purpuratum. In order to determine the distinct values of the
contributing lifetimes and their fractional contributions of this multiexponential
kinetics, a quantitative analysis of the phasors calculated from the measured flu-
orescence transients was performed.

Considering the fact that a well-aimed variation of excitation parameters, namely
a variation of the laser repetition rate as well as the excitation photon fluence,
may result in different situations of electronic excitations within an LH2 complex
a global biexponential kinetics, which is the most simple case of a multiexpone-
tial kinetics, is not sufficient for a consistent description of the entire data set of
phasors. Thus, the excitation situation corresponding to the most unperturbed
fluorescence response, avoiding any annihilation and quenching effects as best
as possible, which corresponds to the fluorescence transients measured at low
laser repetition rates was chosen as a starting point for the further analysis. For
low laser repetition rates of 0.05 MHz and 0.5 MHz a biexponential kinetics was
observed. The contributing lifetime components were identified to amount to
the values of 730 ps and 50 ps which have on average the fractional contribu-
tions of 0.93 and 0.07, respectively. When increasing the laser repetition rate
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to 2 MHz still a biexponential kinetics was found, but turning to 8 MHz and fi-
nally to 80 MHz the occurrence of a third lifetime component was observed for
the higher excitation fluences. In order to resolve that triexponential kinetics it
was assumed that the biexponential kinetics corresponding to the most simple
situation of excitations within the LH2 complex is always included in the triex-
ponential kinetics. So, the biexponential decay observed for low laser repetition
rates was expanded by adding a further lifetime component and the third con-
tributing lifetime component as well as the fractional contributions of all three
lifetime components were calculated. Thus, in total a mixed multiexponential
kinetics consists of a mixing of either of two or three exponentials was revealed
for the measured data set.

The calculated values for the contributing lifetime components and their frac-
tional contributions are summarized in Table 5.6 as a function of the excitation
photon fluence and the laser repetition rate. The accuracy of the number values
of the fractional contributions is ± 0.03.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 730 ps (0.94)
50 ps (0.06)

0.5 730 ps (0.92) 730 ps (0.94)
50 ps (0.08) 50 ps (0.06)

2 730 ps (0.94) 730 ps (0.92)
50 ps (0.06) 50 ps (0.08)

8 730 ps (0.92) 730 ps (0.78)
50 ps (0.08) 50 ps (0.06)

490 ps (0.16)

80 730 ps (0.90) 730 ps (0.63) 730 ps (0.60)
50 ps (0.1) 50 ps (0.05) 50 ps (0.05)

500 ps (0.33) 520 ps (0.35)

Table 5.6.: Calculated lifetime components and their fractional contributions for
the multiexponential kinetics of isolated LH2 complexes from Marichromatium
purpuratum upon excitation of bacteriochlorophyll pigments at different exci-
tation parameter combinations

In analogy to previous tabular arrangements in this thesis, different columns
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correspond to different excitation fluences (increasing from left to right) and
different rows correspond to different laser repetition rates (increasing from top
to bottom). For each measured fluorescence transient the calculated contributing
lifetime components of the multiexponential kinetics are shown. The fractional
contributions of the lifetime components are represented in brackets. For the
triexponential kinetics found at 8 MHz and 80 MHz it can be seen in Table 5.6
that the third lifetime component is in the order of 500 ps for all parameter
combinations of the excitation fluence and the laser repetition rate. Moreover,
significant changes of the fractional contributions of the distinct lifetimes can be
seen upon variation of the excitation parameters. In order to investigate and
also visualize these changes of the fractional contributions in more detail, the
fractional contributions are plotted in Fig. 5.11 as a function of the excitation
density, defined as the product of the laser repetition rate and the excitation
fluence.

Figure 5.11.: Changes of the fractional contributions for the multiexponential
kinetics with either two or three exponentials (visualization of Table 5.6): The
fractional contributions of the three lifetime components are plotted as a function of the
excitation density. In order to allow for comparison biexponential kinetics are repre-
sented with a third lifetime component with a fractional contribution equal to zero. The
excitation density is defined as the product of the laser repetition rate and the excitation
fluence. For details see text.

The different excitation parameter combinations of the laser repetition rate and
the excitation fluence for which fluorescence transients were detected in the
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experiments correspond to different values of the excitation density. As the
product of a laser repetition rate of 8 MHz and an excitation fluence of 1 · 1014

photons/(pulse·cm2) yields the same value as the product of 80 MHz and an
exitation fluence of 1 · 1013 photons/(pulse·cm2), the resulting excitation density
shows two entries for each of the fractional contributions at a value of 8 · 1020

photons/(s·cm2).

Notably, the fractional contribution f 50 of the shortest lifetime component of
50 ps, which is included in the kinetics of all fluorescence transients, is in the
same order of magnitude for all excitation parameter combinations and shows
no significant changes within the limits of accuracy. In contrast, the fractional
contributions of the other two contributing lifetimes, f 730 and f 500, show varia-
tions for the different excitation parameter combinations. Whereas the fractional
contribution f 730 is almost constant within the limits of accuracy up to an ex-
citation density of 3 · 1020 photons/(s ·cm2) and decreases then tremendously.
It can be clearly recognized from Table 5.6 as well as Fig. 5.11 that the 500 ps
lifetime component only appears at laser repetition rates of 8 MHz and higher.
The fractional contribution of this third lifetime component, f 500, increases up to
more than 0.3 when changing from a laser repetition rate from 8 MHz to 80 MHz,
which corresponds to a reduction of the temporal separation between the excita-
tion laser pulses by a factor of 10. Concomitantly the fractional contribution f 730

of the longest lifetime component of 730 ps decreases analogously from more
than 90% to 60% upon increasing the laser repetition rate.

5.3. Excitation into the carotenoid absorption

band in the VIS

In addition to the experiments using the absorption properties of the bacterio-
chlorophyll pigments within the B830 LH2 complex Mch. purpuratum, outlined
in detail in the previous section, also further experiments are conducted taking
advantage of the light-harvesting properties of the carotenoid pigments as well
a the highly efficient carotenoid-to-bacteriochlorophyll energy transfer within
LH2. These experiments of time-resolved spectroscopy using the technique of
time-correlated single photon counting (TCSPC) are performed on isolated B830
LH2 complexes in detergent solution as a function of the excitation fluence and
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the laser repetition rate. Two different excitation laser wavelength, 485 nm and
560 nm, both resonant with the pronounced carotenoid absorption band in the
absorption spectrum of the LH2 complex from Mch. purpuratum, see Fig. 5.1,
were used for the experiments. For experimental details see Chapter 3: Materi-
als and Methods.

5.3.1. Excitation into the carotenoid absorption band:

excitation wavelength 485 nm

For the experiments using an excitation laser wavelength of 485 nm the excitation
fluence is varied over more than one order of magnitude from 5 · 1012, 1 · 1013,
5 · 1013 to 1 · 1014 photons/(pulse·cm2). As mentioned before sometimes these
values for excitation fluences are denoted as ’5E12’, ’1E13’, ’5E13’ and ’1E14’
without naming the units of photons per pulse and squared centimeters for rea-
sons of abbreviation and smoother reading. The laser repetition rate is varied
over three orders of magnitude ranging from 0.5 MHz, 2 MHz, 8 MHz, 20 MHz
to 40 MHz, corresponding to temporal separations between two successive laser
pulses of 2 µs, 500 ns, 125 ns, 50 ns and 25 ns, respectively. Table 5.7 shows the
parameter combinations for which experiments with an excitation wavelength
of 485 nm are performed.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 5 · 1013 1 · 1014

0.5 - - + +

2 - + + +

8 + + + +

20 + + + +

40 + + + +

Table 5.7.: Variation of the excitation parameters for an excitation wavelength
of 485 nm: Time-resolved experiments are performed for all combinations of excitation
parameters shown. For the different parameter situations the experiment gave a either a
good signal (+) or a weak signal(-). For details see text.

For excitation parameter combinations labeled with a minus sign in Table 5.7
only a very weak signal, showing almost no fluorescence emission, is detected by
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the confocal microscope. For excitation parameter combinations labeled with a
plus sign, results with good signal-to-noise ratio are obtained. These parameter
combinations, highlighted in green color in the table, are used to analyze the
fluorescence kinetics of the isolated B830 LH2 complexes upon excitation of the
carotenoid pigments.

Observed �uorescence kinetics

The fluorescence transients measured for the excitation parameter combinations
labeled in green in Table 5.7 all feature a similar shape6. Exemplarily the fluo-
rescence transient for the excitation parameter combination of a laser repetition
rate of 2 MHz and an excitation photon fluence of 1 · 1014 photons/(pulse·cm2),
resulting from excitation of the carotenoid molecules at 485 nm, is shown in
Fig. 5.12.

Figure 5.12.: Fluorescence transient of detergent-isolated LH2 complexes from
Mch. purpuratum resulting from excitation into the carotenoid absorption
band at 485 nm The fluorescence transient corresponding to the excitation parame-
ter combination of 2 MHz laser repetition rate and an excitation fluence of 1 · 1014

photons/(pulse·cm2) is shown in semi-logarithmic scaling. For detailed description see
text.

The almost linear shape7 of the fluorescence decay curve in semi-logarithmic

6A table showing all the measured fluorescence transient for an excitation wavelength of
485 nm, similar to Fig. 5.3, is given in Appendix E.2.

7Considering the fact that the FWHM of the IRF was 264 ps at this excitation wavelength, see
Chapter Material and Methods, the shape of the transient is considered as linear.
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scaling indicates a monoexponential kinetics as reported for isolated LH2 com-
plexes of several other species of light harvesting purple bacteria [1, 2] in the
literature before. A more detailed analysis of the measured fluorescence tran-
sients using the phasor approach is given below.

Analysis of the observed �uorescence kinetics using the

phasor approach

The measured fluorescence transients resulting from excitation of carotenoid
molecules at 485 nm were analyzed using the phasor approach as this was done
for data resulting from excitation of bacterichlorophylls before. All phasors
shown in the following are calculated according to the procedure of phasor
calculation outlined in detail in Chapter 4 and visualized in the flow chart in
Fig. 4.9. Thus, all phasors are already corrected for background fluorescence
and the influence of the IRF. The harmonic number of the Fourier transforma-
tion used for the calculation of the phasor coordinates is chosen to n = 5. A ruler
of lifetimes, counterclockwise featuring the lifetime values of 0 ns, 0.1 ns, 0.2 ns,
0.5 ns, 1 ns, 2 ns, 5 ns and 10 ns, will be shown in all phasor plots from now on
in order to allow for orientation along the universal semicircle. For reasons of
clarity only the grey dots will be shown, without labels.

The commentaries given for phasor plots in Section 5.2 remain valid:

• All frequencies named in the following analysis of the fluorescence tran-
sient using the phasor approach and the accompanying figures refer to the
laser repetition rates of the experiments and do not correspond to the trans-
formation frequencies ω at which the phasor coordinates were calculated
from the measured fluorescence transients.

• All phasors shown afterwards were calculated from the measured data
and thus are expected to have an uncertainty in their position within the
phasor plot. Thus, phasors are shown with corresponding error bars when
necessary. The estimation of uncertainties for the phasor positions within
the phasor plot is given in detail in Appendix C.

In the following, first, a qualitative analysis of the phasors corresponding to the
measured fluorescence transient is given. Next, a quantitative analysis using the
phasor approach is performed.
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Qualitative analysis

The phasor plot featuring the phasors corresponding to the measured fluores-
cence transients is shown in Fig. 5.13 and allows for a first qualitative analysis
of the underlying kinetics. In the zoomed view of the phasor plot it is clearly
visible that all phasors lie inside the universal semicircle. Thus, the kinetics un-
derlying the phasors calculated from the measured fluorescence transients is a
multiexponential kinetics.

Figure 5.13.: Phasor plot for fluorescence transients of LH2 Mch. purpuratum
resulting from excitation into the carotenoid absorption band at 485 nm The
phasors corresponding to fluorescence transients measured at different excitation para-
meter combinations of excitation photon fluence and laser repetition rate are shown in
a phasor plot. Both, a total view as well as a zoomed view are shown. The excitation
fluence is coded by different symbols (5E12: square, 1E13: circle, 5E13: triangle, 1E14:
diamond), different laser repetition rates are coded by color. The grey circles on the uni-
versal semicircle correspond counterclockwise to the values 0 ns, 0.1 ns, 0.2 ns, 0.5 ns,
1 ns, 2 ns, 5 ns and 10 ns on the ruler of lifetimes. For detailed description see text.
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Quantitative analysis

From the first qualitative analysis of the phasors a multiexponential kinetics is
indicated. Thus, as the simplest case of a multiexponential kinetics a global
biexponential decay might be taken into consideration. However, as discussed
in detail in Section 5.2 the assumption of a gobal biexponential will not allow
for a consistent description of the entire data set. Namely, it was the aim of
the experiments to experimentally probe different situation of electronic excita-
tions within the LH2 complex, resulting in different fluorescence responses in
order to investigate the kinetics of electronic excitations and thus the electronic
structure of the B830 LH2 complex of Mch. purpuratum. Consequently, a global
biexponential kinetics that does not take into account the different situations of
electronic excitations within the LH2 complex is not suitable. Thus, in analogy
to the procedure of analysis of the fluorescence kinetics resulting from excitation
of the bacteriochlorophylls, a more detailed analysis has to be performed:

First, the situation corresponding to a low number of excitations within the LH2
complex is considered. This situation occurs for low laser repetition rates, such
as 0.5 MHz and 2 MHz, which were the lowest possible laser repetition rates for
experiments featuring an excitation wavelength of 485 nm. Due to the tempo-
ral separation of the excitation laser pulses of 2 µs and 500 ns, respectively, the
measured fluorescence transients are expected to represent the fluorescence ki-
netics corresponding to excitations resulting from only one excitation laser pulse
and thus the most ‘pure‘ fluorescence response. Assuming a biexponential ki-
netics for low laser repetition rates and evaluation of the calculated phasors as
described in detail in Section 4.5.1, yields fluorescence lifetime values of 750 ps
(+ 123 /- 26) ps and 11 ps (+ 320 /- 179) ps 8. In the following these two lifetime
components are referred to as 750 ps and 10 ps, which is valid with respect to
the uncertainty interval. The linear fit to the phasors revealing that biexponential
kinetics is visualized as turquoise colored line in Fig. 5.14. Contributing lifetime
components are given by intersections of the turquoise colored line with the
universal semicircle.

8The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C
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Figure 5.14.: Phasor plot of the biexponential kinetics at low laser repetition
rates for excitation of carotenoid molecuels at 485 nm The phasors corresponding
to the fluorescence transients measured at 0.5 MHz and 2 MHz are shown. The laser
repetition rate is coded by color, the excitation fluence is coded by different symbols. The
turquoise colored line visualizes the biexponential decay resulting from the linear fit,
the black circles correspond to the intersections with the universal semicircle giving the
two contributing lifetime components. Along the universal semicircle a ruler of lifetimes
counterclockwise featuring the values 0 ns, 0.1 ns, 0.2 ns, 0.5 ns, 1 ns, 2 ns, 5 ns and
10 ns is shown (grey circles). For detailed description see text.

Next, the influence of an increase of the laser repetition rate on the observed
fluorescence transients and thus the measured fluorescence kinetics is analyzed
for the laser repetition rates 8 MHz, 20 MHz and 40 MHz. An increase of the
laser repetition rates correspond to smaller temporal separations of the excitation
laser pulses and more complex situations of electronic excitations within the
B830 LH2 complex of Mch. purpuratum may occur, possibly resulting in a more
complex fluorescence response. In Fig. 5.15 the phasors corresponding to the
fluorescence transients measured at laser repetition rates 8 MHz, 20 MHz and
40 MHz are shown. In order to allow for comparison with the biexponential
kinetics observed for low laser repetition rates, this biexponential kinetics is
visualized as turquoise colored line, as before in Fig. 5.14. The tolerance interval
of the biexponential kinetics is visualized by the red and black lines representing
the lines of minimum and maximum slope, respectively, as obtained from fitting
of the kinetics for low laser repetition rates.
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Figure 5.15.: Phasors corresponding to fluorescence transients at laser repetition
rates 8 MHz, 20 MHz and 40 MHz resulting from excitation into the carotenoid
absorption band at 485 nm The phasors calculated from the measured fluorescence
transients are shown for different excitation fluences at laser repetition rates of 8 MHz,
20 MHz and 40 MHz. The excitation fluence is coded by different symbols, different laser
reptition rates are coded by color. Additionally, the biexponential kinetics obtained for
low laser repetition rates (compare Fig. 5.14) is visualized as a straight line in turquoise
color. The lines in red and black color represent the lines of minimum and maximum slope
and visualize the tolerance interval of the biexponential kinetics. For detailed description
see text.

As can be clearly seen in Fig. 5.15, the phasors calculated from the measured
fluorescence transients agree well with the biexponential kinetics with lifetime
components of 750 ps and 10 ps obtained for low laser repetition rates. All the
phasor, coding different laser repetition rates by color and different excitation
fluences by symbol, overlap with the turquoise colored line representing the
biexponential kinetics itself or with the tolerance interval of that biexponential
kinetics, spanned by the red and black lines of minimum and maximum slope,
respectively. Thus, the biexponential kinetics observed for low laser repetition
rates allows for description of the fluorescence kinetics of the B830 LH2 complex
upon excitation of carotenoids at 485 nm for all excitation parameter combina-
tions of laser repetition rate and excitation fluence.

According to the procedure outlined before in Section 4.5.1 the fractional con-
tributions of both lifetimes components are determined and summarized in Ta-
ble 5.8 as a function of the excitation parameters, laser repetition rate and ex-
citation fluence. Different rows correspond to different laser repetition rates
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increasing from top to bottom, different columns correspond to different excita-
tion fluences increasing from left to right. The accuracy of the number values of
the fractional contributions is ± 0.02.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 5 · 1013 1 · 1014

0.5 750 ps (0.93) 750 ps (0.86)
10 ps (0.07) 10 ps (0.14)

2 750 ps (0.86) 750 ps (0.86) 750 ps (0.84)
10 ps (0.14) 10 ps (0.14) 10 ps (0.16)

8 750 ps (0.85) 750 ps (0.84) 750 ps (0.83) 750 ps (0.92)
10 ps (0.15) 10 ps (0.16) 10 ps (0.17) 10 ps (0.08)

20 750 ps (0.84) 750 ps (0.86) 750 ps (0.85) 750 ps (0.83)
10 ps (0.16) 10 ps (0.14) 10 ps (0.15) 10 ps (0.17)

40 750 ps (0.84) 750 ps (0.85) 750 ps (0.83) 750 ps (0.82)
10 ps (0.16) 10 ps (0.15) 10 ps (0.17) 10 ps (0.18)

Table 5.8.: Calculated lifetime components and their fractional contributions
for a biexponential kinetics of isolated B830 LH2 complexes upon excitation at
485 nm into the carotenoid absorption band

Notably, although slight changes of the fractional contributions are observed
within the table, no clear significant trend is observed for either increasing laser
repetition rate nor increasing excitation fluence. On average the fractional con-
tributions of the lifetime component 750 ps and 10 ps amount to 85% and 15%,
respectively.

5.3.2. Excitation into the carotenoid absorption band:

excitation wavelength 560 nm

For the experiments using an excitation laser wavelength of 560 nm the excitation
fluence is varied over more than one order of magnitude from 5 · 1012, 1 · 1013,
5 · 1013 to 1 · 1014 photons/(pulse·cm2). As mentioned before these values for ex-
citation fluences are denoted as ’5E12’, ’1E13’, ’5E13’ and ’1E14’ sometimes in the
following without naming the units of photons per pulse and squared centime-
ters for reasons of abbreviation and smoother reading. The laser repetition rate
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is varied over three orders of magnitude ranging from 0.5 MHz, 1 MHz, 2 MHz,
8 MHz, 20 MHz to 40 MHz, corresponding to temporal separations between two
successive laser pulses of 2 µs, 1 µs, 500 ns, 125 ns, 50 ns and 25 ns, respectively.
Table 5.9 summarizes the parameter combinations for which experiments with
an excitation wavelength of 560 nm were performed.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 5 · 1013 1 · 1014

0.5 - - + +

1 - + + +

2 - + + +

8 + + + +

20 + + + +

40 + + + +

Table 5.9.: Variation of the excitation parameters for an excitation wavelength
of 560 nm: Time-resolved experiments are performed for all combinations of excitation
parameters shown. For the different parameter situations the experiment gave a either a
good signal (+) or a weak signal(-). For details see text.

For excitation parameter combinations labeled with a minus sign in Table 5.9
only a very weak signal, showing almost no fluorescence emission, is detected by
the confocal microscope. For excitation parameter combinations labeled with a
plus sign, results with good signal-to-noise ratio are obtained. These parameter
combinations, highlighted in green color in the table, are used to analyze the
fluorescence kinetics of the isolated B830 LH2 complexes upon excitation of the
carotenoid pigments at 560 nm.

Observed �uorescence kinetics

The fluorescence transients measured for the excitation parameter combinations
labeled in green in Table 5.9 all feature a similar shape9. As an example the fluo-
rescence transient for the excitation parameter combination of a laser repetition
rate of 8 MHz and an excitation photon fluence of 1 · 1014 photons/(pulse·cm2),
resulting from excitation of the carotenoid molecules at 560 nm, is shown in
Fig. 5.16.

9A table showing all the measured fluorescence transient for an excitation wavelength of
560 nm, similar to Fig. 5.3, is given in Appendix E.3.
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Figure 5.16.: Fluorescence transient of detergent-isolated LH2 complexes from
Mch. purpuratum resulting from excitation into the carotenoid absorption
band at 560 nm The fluorescence transient corresponding to the excitation parame-
ter combination of 8 MHz laser repetition rate and an excitation fluence of 1 · 1014

photons/(pulse·cm2) is shown in semi-logarithmic scaling. For detailed description see
text.

The mostly linear shape10 of the fluorescence decay curve in semi-logarithmic
scaling indicates a monoexponential kinetics as reported for isolated LH2 com-
plexes of several other species of light harvesting purple bacteria [1, 2] in the
literature before. A more detailed analysis of the measured fluorescence tran-
sients and its underlying kinetics is given below by using the phasor approach.

Analysis of the observed �uorescence kinetics using the

phasor approach

The measured fluorescence transients resulting from excitation of carotenoid
molecules at 560 nm were analyzed using the phasor approach as this was done
for data resulting from excitation of at wavelenghts 790 nm and 485 nm before.
All phasors shown in the following are calculated according to the procedure of
phasor calculation outlined in detail before, see Chapter 4. Thus, all phasors are
already finally corrected including corrections for background fluorescence and
the influence of the IRF. The harmonic number of the Fourier transformation

10Considering the fact that the FWHM of the IRF was 168 ps at this excitation wavelength, see
Chapter Material and Methods, the shape of the transient is considered as linear.
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used for the calculation of the phasor coordinates is chosen to n = 5. A ruler
of lifetimes, counterclockwise featuring the lifetime values of 0 ns, 0.1 ns, 0.2 ns,
0.5 ns, 1 ns, 2 ns, 5 ns and 10 ns, will be shown in all phasor plots from now on
in order to allow for orientation along the universal semicircle. For reasons of
clarity only the grey dots will be shown, without labels.

The commentaries given for phasor plots in Section 5.2 remain valid:

• All frequencies named in the following analysis of the fluorescence tran-
sient using the phasor approach and the accompanying figures refer to the
laser repetition rates of the experiments and do not correspond to the trans-
formation frequencies ω at which the phasor coordinates were calculated
from the measured fluorescence transients.

• All phasors shown afterwards were calculated from the measured data
and thus are expected to have an uncertainty in their position within the
phasor plot. Thus, phasors are shown with corresponding error bars when
necessary. The estimation of uncertainties for the phasor positions within
the phasor plot is given in detail in Appendix C.

Below, first a qualitative analysis of the phasors corresponding to the measured
fluorescence transient is given. Then, a quantitative analysis using the phasor
approach is performed.

Qualitative analysis

A phasor plot featuring the phasors calculated from all the measured fluores-
cence transients resulting from an excitation wavelength of 560 nm is shown in
Fig. 5.17 and allows for a first qualitative analysis of the underlying kinetics.
Whereas the non-zoomed view of the phasor plot might inidcate that all the
phasor lie on the universal semicircle, in the zoomed view of the phasor plot
in Fig. 5.17 it is clearly visible that all the phasors corresponding to the mea-
sured fluorescence transients lie inside the universal semicircle, thus indicating
a multiexponential kinetics.
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Figure 5.17.: Phasor plot for fluorescence transients of LH2 Mch. purpuratum
resulting from excitation into the carotenoid absorption band at 560 nm The
phasors corresponding to fluorescence transients measured at different excitation para-
meter combinations of excitation photon fluence and laser repetition rate are shown in
a phasor plot. Both, a total view as well as a zoomed view are shown. The excitation
fluence is coded by different symbols (5E12: square, 1E13: circle, 5E13: triangle, 1E14:
diamond), different laser repetition rates are coded by color. The grey circles on the uni-
versal semicircle correspond counterclockwise to the values 0 ns, 0.1 ns, 0.2 ns, 0.5 ns,
1 ns, 2 ns, 5 ns and 10 ns on the ruler of lifetimes. For detailed description see text.

Quantitative analysis

Now, a quantitative analysis of the phasors is performed. In analogy to the
rgumentation as well as the procedure of phasor evaluation for excitation wave-
lengths, first, the fluorescene kinetics for low excitation conditions is analyzed.
This situation of excitation is achieved by low laser reptition rates, such as
0.5 MHz and 1 MHz, which were the lowest possible laser repetition rates for
experiments performed with an excitation wavelength of 560 nm. For these laser
repetition rates, the temporal separation of the excitation laser pulses amount
to 2 µs and 1 µs, respectively. Thus, the measured fluorescence transients are

120



5.3. Excitation into the carotenoid absorption band in the VIS

expected to represent the fluorescence kinetics corresponding to excitations re-
sulting from only one excitation laser pulse. Assuming a biexponential kinetics
for low laser repetition rates and evaluation of the corresponding phasors as de-
scribed before, see Section 4.5.1, reveals contributing fluorescence lifetime values
of 759 ps (+ 200 /- 17) ps and 71 ps (+ 320 /- 179) ps 11. In the following these
two lifetime components are referred to as 760 ps and 70 ps, which is valid with
respect to the uncertainty interval. The linear fit to the phasors revealing that
biexponential kinetics is visualized as turquoise colored line in Fig. 5.18. The
contributing lifetime components are given by the intersections of the turquoise
colored line with the universal semicircle.

Figure 5.18.: Phasor plot of the biexponential kinetics at low laser repetition
rates for excitation of carotenoid molecuels at 560 nm The phasors corresponding
to the fluorescence transients measured at 0.5 MHz and 1 MHz are shown. The laser
repetition rate is coded by color, the excitation fluence is coded by different symbols. The
turquoise colored line visualizes the biexponential decay resulting from the linear fit, the
black circles correspond to their intersections with the universal semicircle giving the two
contributing lifetime components of 760 ps and 70 ps. Along the universal semicircle a
ruler of lifetimes counterclockwise featuring the values 0 ns, 0.1 ns, 0.2 ns, 0.5 ns, 1 ns,
2 ns, 5 ns and 10 ns is shown (grey circles). For detailed description see text.

Next, the influence of an increase of the laser repetition rate on the kinetics un-
derlying the observed fluorescence transients is analyzed for the laser repetition
rates 2 MHz, 8 MHz, 20 MHz and 40 MHz. An increase of the laser repetition
rates correspond to a smaller temporal separation of the excitation laser pulses

11The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C
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and thus a more complex situation of electronic excitations may occur within the
B830 LH2 complex of Mch. purpuratum. In Fig. 5.19 the phasors corresponding
to the fluorescence transients measured at laser repetition rates 2 MHz, 8 MHz,
20 MHz and 40 MHz are shown. Different laser repetition rates are coded by
color, different excitation photon fluences are coded by symbol. In order to al-
low for comparison with the biexponential kinetics that is resolved for low laser
repetition rates, this biexponential kinetics is visualized as turquoise colored
line, as before in Fig. 5.18. The tolerance interval of the biexponential kinetics is
visualized as red and black lines representing the lines of minimum and max-
imum slope, respectively, as obtained from fitting of the kinetics for low laser
repetition rates.

Figure 5.19.: Phasors corresponding to fluorescence transients at laser repeti-
tion rates 2 MHz, 8 MHz, 20 MHz and 40 MHz resulting from excitation into the
carotenoid absorption band at 560 nm The phasors calculated from the measured flu-
orescence transients are shown for different excitation fluences at laser repetition rates
of 8 MHz, 20 MHz and 40 MHz. The excitation fluence is coded by different symbols,
different laser reptition rates are coded by color. Additionally, the biexponential kinetics
obtained for low laser repetition rates (compare Fig. 5.14) is visualized as a straight line
in turquoise color. The lines in red and black color represent the lines of minimum and
maximum slope and visualize the tolerance interval of the biexponential kinetics. For
detailed description see text.

In Fig. 5.19 it is clearly visible that all the phasors calculated from the measured
fluorescence transients agree well with the biexponential kinetics with lifetime
components of 760 ps and 70 ps obtained for low laser repetition rates. All the
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phasor, coding different laser repetition rates by color and different excitation
fluences by symbol, overlap with the turquoise colored line representing the
biexponential kinetics itself or with the tolerance interval of that biexponential
kinetics, spanned by the red and black lines of minimum and maximum slope,
respectively. Thus, the biexponential kinetics observed for low laser repetition
rates allows for description of the fluorescence kinetics of the B830 LH2 complex
upon excitation of carotenoids at 560 nm for all excitation parameter combina-
tions of laser repetition rate and excitation fluence.

Now the fractional contributions of both lifetimes components are determined
according to the procedure outlined before in Section 4.5.1 and summarized in
Table 5.8 as a function of the excitation parameters, namely the laser repetition
rate and the excitation photon fluence. As before, different rows correspond to
different laser repetition rates increasing from top to bottom, different columns
correspond to different excitation fluences increasing from left to right. The
accuracy of the number values of the fractional contributions is ± 0.02.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 5 · 1013 1 · 1014

0.5 760 ps (0.89) 760 ps (0.91)
70 ps (0.11) 70 ps (0.09)

1 760 ps (0.92) 760 ps (0.92) 760 ps (0.91)
70 ps (0.08) 70 ps (0.08) 70 ps (0.09)

2 760 ps (0.92) 760 ps (0.89) 760 ps (0.87)
70 ps (0.08) 70 ps (0.11) 70 ps (0.13)

8 760 ps (0.9) 760 ps (0.94) 760 ps (0.9) 760 ps (0.87)
70 ps (0.1) 70 ps (0.06) 70 ps (0.1) 70 ps (0.13)

20 760 ps (0.9) 760 ps (0.9) 760 ps (0.88) 760 ps (0.87)
70 ps (0.1) 70 ps (0.1) 70 ps (0.12) 70 ps (0.13)

40 760 ps (0.91) 760 ps (0.91) 760 ps (0.92) 760 ps (0.87)
70 ps (0.09) 70 ps (0.09) 70 ps (0.08) 70 ps (0.13)

Table 5.10.: Calculated lifetime components and their fractional contributions
for a biexponential kinetics of isolated LH2 complexes from Marichromatium
purpuratum upon excitation at 560 nm in the carotenoid absorption band

Notably, the fractional contributions show only minor changes and no clear
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trend is observed for an increase of either the laser repetition rate nor of the
excitation fluence. The on average fractional contributions of the lifetime com-
ponent 760 ps and 70 ps amount to 90% and 10%, respectively.

5.3.3. Summary of the �uorescence kinetics of isolated B830

complexes observed for excitation of carotenoids

The fluorescence transients of detergent-isolated LH2 complexes from Mch. pur-
puratum were measured for different combinations of the excitation fluence and
the laser repetition rate upon excitation into the carotenoid absorption band.
Experiments were performed for two excitation wavelength, 485 nm and 560 nm,
both resonant with the carotenoid absorption band of the B830 LH2 complex,
compare Fig. 5.1. Although a first inspection of the measured fluorescence tran-
sients by eye indicates a monoexponential kinetics, a detailed analysis using the
phasor approach revealed a multiexponential kinetics. In order to determine the
distinct values of the contributing lifetimes and their fractional contributions a
quantitative analysis of the phasors calculated from the measured fluorescence
transients was performed.

Following the considerations regarding the influence of a variation of the ex-
citation conditions on the situation of electronic excitations into the B830 LH2
complex outlined before for excitation into the BChl a absorption band, the ar-
gument in the analysis of the fluorescence kinetics resulting from excitation of
carotenoids is analogous. Thus, first, the fluorescence kinetics corresponding to
low excitation conditions, realized by low laser repetition rates, was analyzed.
Afterwards, this newly identified kinetics is kept fixed and it was tested whether
this kinetics was sufficient for increasing excitation conditions, namely higher
laser repetition rates.

For both excitation wavelengths into the carotenoid absorption band a biexpo-
nential kinetics was identified for low laser repetition rates. For an excitation
wavelength of 485 nm lifetime components of 750 ps and 10 ps were resolved,
for excitation at 560 nm the contributing lifetime components were identified
to amount to 760 ps and 70 ps. The on average fractional contributions of the
longer lifetime component in the order of 750 ps amounts to 85% and 90% for
the excitation wavelengths 485 nm and 560 nm, respectively. Although slight dif-
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ferences between lifetime values of the biexponential kinetics were observed for
the two excitation wavelength, compare Tables 5.8 and 5.10, they feature in gen-
eral the same trend of one longer lifetime component in the order of 750 ps and
a second lifetime component amounting to a value smaller than 100 ps, thus al-
most one order of magnitude smaller. Notably, for both excitation wavelengths
the phasor analysis revealed that no third lifetime component is observed and
the fluorescence transients at all excitation conditions suffice this biexponential
kinetics.

5.4. Summary of the observed �uorescence

kinetics of isolated B830 complexes

Time-resolved experiment on detergent-isolated LH2 complexes from Marichro-
matium purpuratum were performed for both, excitation of bacteriochlorophyll
pigments as well as carotenoids. A detailed phasor analysis revealed a complex
multiexponential kinetics, which is in contrast to the monoexponential kinetics
reported for isolated LH2 complexes of various species before [1, 2]. A summary
of the lifetime components observed for the distinct excitation situations of the
B830 LH2 complex of Marichromatium purpuratum investigated in this thesis is
given in Table 5.11.

excitation of lifetime components
pigments 1st 2nd 3rd

BChl a
exc 790 nm 730 ps 50 ps 500 ps

Carotenoid
exc 485 nm 750 ps 10 ps none

exc 560 nm 760 ps 70 ps none

Table 5.11.: Summary of the observed multiexponential kinetics of isolated LH2
complexes from Marichromatium purpuratum

Overall, the observed fluorescence kinetics of LH2 from Marichromatium purpu-
ratum is a biexponential kinetics with one lifetime component in the order of
about 750 ps and one second lifetime component below 100 ps. Whereas for ex-
citation of bacteriochlorophylls a third lifetime component in the order of about
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500 ps is observed for high excitation density, corresponding to high laser re-
petition rates, no such third lifetime component is observed upon excitation of
carotenoid pigments within LH2.

126



6. Discussion of the observed

multiexponential kinetics of

isolated LH2 complexes of

Marichromatium purpuratum

In order to investigate the kinetics of electronic excitations within the B830 LH2
complex of Mch. purpuratum and thus its electronic structure, time-resolved spec-
troscopy was performed for excitation of either bacteriochlorophyll pigments or
carotenoid pigments, with varying excitation parameters. Namely, the excitation
parameters laser repetition rate and excitation fluence were varied. The obtained
fluorescence transients were analyzed by means of the phasor approach in the
last chapter.

In contrast to the previously reported monoexponential fluorescence kinetics of
electronic excitations in LH2 complexes of various species of purple bacteria
[1, 2, 4] and thus unexpectedly, a multiexponential kinetics of the fluorescence
emission is observed for the B830 LH2 complex of Mch. purpuratum for all excita-
tion conditions. Whereas a biexponential kinetics was identified in the detected
fluorescence emission for all excitation conditions, either for excitation of bac-
teriochlorophylls (BChls) in the NIR or upon excitation of carotenoid pigments
in the VIS, an additional appearing third lifetime component was only observed
for excitation of BChls in the NIR at high excitation densities, compare Tables 5.6
and 5.11 as well as Fig. 5.11.

From these finding two main aspects or questions arise for the discussion given
below: First, identification of the three fluorescence lifetime components. What
is the molecular origin of the two or three, respectively, observed lifetime com-
ponents in fluorescence emission? Second, why is the third lifetime compo-
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nent only observed for excitation of BChls but is not observed for excitation
of carotenoid pigments? In the following these two major aspects will be ad-
dressed in detail and finally an energy level scheme for the B830 LH2 complex
of Mch. purpuratum will be proposed.

6.1. B830 LH2 complex: a mixed multiexponential

kinetics

Phasor analysis of the experimentally obtained fluorescence transients revealed
a multiexponential kinetics for the B830 LH2 complex from Mch. purpuratum,
either upon excitation of BChl a pigments in the NIR or upon excitation of ca-
rotenoids by visible laser light. This is highly unexpected, since before monoex-
ponential fluorescence kinetics were reported in literature for LH2 complexes of
various species of photosynthetic purple bacteria [1, 2, 3, 4].

Now, for the LH2 complex of Mch. purpuratum a biexponential kinetics with life-
time components of 730 ps and 50 ps was identified for all excitation parameter
combinations upon excitation of BChls. For excitation of carotenoid pigments
within the LH2 complex similar values of the lifetime components, namely
750 ps and 760 ps for the longer lifetime and 10 ps and 70 ps for the fast life-
time component, were obtained. In summary, the observed fluorescence kinetics
of LH2 from Marichromatium purpuratum is a biexponential kinetics featuring one
lifetime component in the order of about 750 ps and one second lifetime com-
ponent below 100 ps. The fractional intensity contributions of these two lifetime
components approximately amount to 90% for the longer lifetime component
of about 750 ps and 10% for the short lifetime of below 100 ps, almost indepen-
dently of the excitation wavelength. No significant difference in the ratio of
fractional intensity contributions is observed upon excitation of BChls or excita-
tion of carotenoids.

In addition to this biexponential kinetics, for excitation of the bacteriochloro-
phyll pigments within the LH2 complex, a third lifetime component amount-
ing to a value of about 500 ps is appearing for high excitation densities. The
fractional contributions of this third lifetime component and the long lifetime
component of the always observed biexponential kinetics behave in the opposite
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way. In fact, the fractional contribution of the 750 ps lifetime component de-
creases as the third lifetime component appears in the overall kinetics. Thus, the
overall complex multiexponential kinetics features in summary up to three life-
time components: one short lifetime component amounting to a value of below
100 ps, one long lifetime component in the order of about 750 ps and one third
lifetime component of about 500 ps.

Turning over to the identification of the three observed lifetime components,
the long lifetime component in the order of about 750 ps appears to be the
most simple to identify. In literature monoexponential kinetics with a fluores-
cence lifetime in the order of 1 ns were reported for the detergent-isolated LH2
complexes of several species of purple bacteria [1, 2, 3, 4]. In fact, the lifetime
component of about 750 ps observed for the detergent-isolated LH2 complex of
Mch. purpuratum is quenched with respect to this value but is still in the same
order of magnitude. Hence, this lifetime component is identified as resulting
from the fluorescence emission of the B830 LH2 complex.

Regarding the identification of the other two lifetime components, the fast life-
time component of below 100 ps and the third lifetime component of about
500 ps, observed only for high excitation densities and excitation of bacterio-
chlorophyll pigments, more complex considerations are required. Thus, in the
following the possibility of the occurrence of excitation annihilation processes in
the B830 LH2 complex of Mch. purpuratum is discussed.

6.2. Excitation annihilation processes within the

B830 LH2 complex

In a first approach, an energy level scheme for the B830 LH2 complex was pro-
posed before in analogy to the ‘standard‘ LH2 complex of Rps. acidophila, see Sec-
tion 5.1. A refined energy level scheme now taking into account that the 750 ps
lifetime component was just identified as resulting from fluorescence emission
of the B830 LH2 complex is shown in Fig. 6.1. As before, the excited states of the
three groups of pigments, the B800 BChl a molecules, the B830 BChl a molecules
and the Car molecules, are shown as single energy levels. The singlet excitation
levels of the B800 and the B830 ring are denoted as 1B800* and 1B830*, respec-
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tively, and the singlet excitation level of carotenoids is denoted as 1Car*. The
triplet state of the Car molecules is referred to as 3Car*. Both, excitation of bac-
teriochlorophyll pigments as well as excitation of carotenoids within the LH2
complex is considered, visualized by arrows of red color. From Fig. 6.1 it can be
clearly seen that due to the highly efficient energy transfer from carotenoid pig-
ments to bacteriochlorophyll pigments within the LH2 complex, on a timescale
of a few picoseconds and below [100, 96], excitation of either of the two pig-
ments results in excitation of the B830 BChl a pigments. Then, either emission of
fluorescence may occur by relaxation of the 1B830* state to the ground state or
alternatively a triplet excitation of the carotenoids may be created within about
10 ns [53, 76].

As the energy transfer processes both from carotenoid to bacteriochlorophyll as
well as between B800 BChls and B830 BChls occur on timescales faster than the
temporal resolution of the experiments in this thesis, it is feasible to focus on the
the singlet excited state of the B830 BChl a molecules and the triplet excitations
within the LH2 complex in the following discussion concerning the identification
of observed lifetime components in the emission of LH2 from Mch. purpuratum.

Figure 6.1.: Simplified energy level scheme of the B830 LH2 complex: The excited
states of the carotenoid pigments as well as the bacteriochlorophylls are shown as single
energy levels. The singlet excitation levels of the B800 and the B830 ring are denoted
as 1B800* and 1B830*, respectively. The singlet excited states of the Car molecules are
denoted as 1Car*, triplet states of the carotenoids are referred to as 3Car*. Absorption of
excitation light, either by carotenoids or bacteriochlorophylls is depicted by red arrows,
downhill transitions between the distinct energy levels are depicted as grey arrows. For
details see text.
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From the pre-experimental considerations on the investigation of the electronic
structure of the B830 LH2 complex by probing different situations of electronic
excitations via variation of the excitation parameters, see Section 5.1 for details,
it is clear and even expected that excitation annihilation processes might occur
within the B830 LH2 complex of Mch. purpuratum. In general three types of ex-
citation annihilation processes might occur within the LH2 complex of purple
bacteria: singlet-singlet annihilation (SSA), singlet-triplet annihilation (STA) and
triplet-triplet annhilation (TTA), compare also Sections 2.3 and 5.1. First, the
process of SSA is discussed with respect to the performed experiments and the
observed lifetime components. Then, the excitation annihilation processes, in-
volving triplet excitations, namely triplet-triplet annihilation and singlet-triplet
annihilation are taken into account within the discussion.

Singlet-singlet annihilation (SSA)

The process of singlet-singlet annihilation (SSA) is reported to occur in LH2
complexes of photosynthetic bacteria for excitation fluences of and above 8 · 1014

photons/(pulse·cm2) [61]. Fluences above this reported threshold value are nec-
essary in order to create more than one singlet excitation per LH2 complex. The
value of the highest excitation fluence used for the experiments in this thesis
is 1 · 1014 photons/(pulse·cm2), which is significantly smaller than the reported
threshold value by almost one order of magnitude. Thus, SSA is highly unlikely
to occur for the experiments in this thesis.

However, even if SSA could not be excluded to occur in the experiments per-
formed at the highest excitation photon fluence, all the observed lifetime com-
ponents were identified for all excitation parameter combinations of laser repe-
tition rate and excitation fluence, even for excitation fluences almost two orders
of magnitude smaller than the documented threshold value for the onset of SSA.
Moreover, the process of SSA is reported to occur on a subpicosecond timescale
[61], which is far below the temporal resolution of the experiments discussed
here. Thus, this process cannot be resolved by the experiments either. Hence,
SSA can be neglected in the further analysis of the observed fluorescence tran-
sients and the contributing fluorescence lifetime components.
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Triplet-triplet annihilation (TTA)

For the occurrence of triplet-triplet annihilation processes multiple triplet excita-
tions within one LH2 complex are required. However, triplet excitations within
the LH2 complex are known to be highly immobile and localized on one of the
carotenoid molecules within the LH2 complex [63, 65]. Thus, the occurrence of
TTA implies at least two, but preferably an even higher number of triplet ex-
citations within one LH2 complex in order to allow for two triplet excitations
being close enough to each other for annihilation. The situation of multiple
triplet excitations within one LH2 complex corresponds either to a situation that
several carotenoid molecules within one LH2 complex carry one triplet each (re-
sulting from a previous excitation laser pulse) or alternatively to a situation that
one carotenoid molecule carries two triplet excitations. As pointed out before
in Chapter 2, the triplet state populated within the LH2 complex is either the
triplet state of the bacteriochlorophyll (BChl) pigments featuring a lifetime of
about 70 µs [53, 54] or is alternatively the triplet state of the carotenoid pigment,
which has a lifetime in the order of microseconds depending on the respective
carotenoid incorporated in the LH2 complex [57]. Hence, a countable triplet
population within one LH2 complex is only expected to occur for high laser re-
petition rates, especially in combination with high excitation fluences.

The fact that the long fluorescence lifetime component of about 750 ps as well as
the small fluorescence lifetime component amounting to a value below 100 ps,
were observed and identified for all excitation parameter combinations of laser
repetition rate and excitation fluence, even for low laser repetition rates where
the situation of multiple triplet excitations is highly unlikely if not impossible,
already indicates that TTA most probably does not have to be considered in
the discussion and identification of these lifetime components. Only the third
lifetime component of about 500 ps was observed for excitation parameter com-
binations of high laser repetition rate and high excitation photon fluence, when
BChl a pigments were excited. Moreover, one has to keep in mind that TTA
is a process reducing the number of triplets within an LH2 complex and thus
a process without involvement of singlet excitations that result in fluorescence
emission of the LH2 complex. Hence, in the further discussion concerning the
identification of observed lifetime components in fluorescence emission of the
B830 LH2 complex TTA can be neglected.
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Singlet-triplet annihilation (STA)

The process of singlet-triplet annihilation (STA) is possible to occur, when an
LH2 ring still carries a triplet excitation resulting from the previous pulse when
the next pulse arrives and new singlet excitations are created. Thus, obviously
both, the temporal separation of the excitation pulses which is determined by
the laser repetition rate and the excitation fluence, determining the number of
excitations which are created per excitation laser pulse, are expected to influence
the occurrence of such annihilation processes. The newly created singlet exci-
tations, which are known to at least partially delocalize over the B850 ring1 of
BChl a molecules within the LH2 complex [1, 48, 49, 50, 51], are highly mobile
along the pigment ring within the LH2 complex [45] and thus can easily find a
rather immobile and localized triplet excitation [63, 65] resulting from the previ-
ous excitation laser pulse to annihilate with. Considering all this, the occurrence
of STA within an LH2 complex seems much more likely than the occurrence of
TTA. The process of STA reduces the number of singlet excitations, which corre-
sponds to the number of states from which fluorescence emission might occur,
whereas in contrast TTA reduces the number of triplet excitations but has no
influence on fluorescence emission.

The fact, that the third lifetime component in the order of 500 ps is observed for
high excitation densities, resulting from the combination of high laser repetition
rate and high excitation photon fluence, is a hint for a possible correlation with
STA processes. Moreover, the inverse behavior of the fractional contributions
of the 500 ps lifetime component and the 750 ps lifetime component, which was
recently attributed to the fluorescence emission of the B830 LH2 complex, gives
rise to the assumption of the involvement of STA annihilation processes. Next,
the process of STA is considered in detail in the discussion of the origin of 500 ps
lifetime component, which is only observed upon excitation of BChl a pigments
in the NIR.

1Of course, for the B830 LH2 complex of Mch. purpuratum this refers to the B830 ring.
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6.3. Origin of the third lifetime component

observed for excitation of BChl a

Considering the discussion of excitation annihilation processes occurring in the
LH2 complex of Mch. purpuratum in the previous section, singlet-triplet annihi-
lation (STA) seems to be a likely candidate for originating in the 500 ps lifetime
component. The process of STA effectively reduces the number of singlet ex-
citations and thus directly influences the observable fluorescence emission. In
Section 5.2.3 significant changes of the fractional intensity contributions of the
three lifetime components were described for excitation of BChl a within the
B830 LH2 complex, see Fig. 5.11. The observed inverse behavior of the fractional
contributions f 730 and f 500 of the 730 ps lifetime component and the 500 ps life-
time component, respectively, clearly indicate that the process resulting in the
500 ps lifetime component correlates with a quenching of the fluorescence emis-
sion, as the 730 ps lifetime component was just identified as the fluorescence
lifetime of the B830 LH2 complex2.

In order to analyze and discuss the observed changes of the fractional contribu-
tions in more detail the fractional contributions of the three lifetime components
are visualized as a function of the laser repetition rate for the excitation fluences
1 · 1013 photons/(pulse·cm2) and 1 · 1014 photons/(pulse·cm2) in Fig. 6.2. The
fractional contributions of the three contributing lifetimes are coded by color.

It is clearly seen for both excitation fluences that the fractional contribution f 50 of
the smallest lifetime component of 50 ps is almost constant and below 0.1 for all
laser repetition rates. The fractional contributions of the other two contributing
lifetimes are significantly influenced by an increase of the laser repetition rate.
For the excitation fluence of 1 · 1013 photons/(pulse·cm2) the fractional contri-
butions f 730 and f 500 decrease and increase, respectively, for the laser repetition
rate of 80 MHz. Whereas the fractional contribution f 730 of the longest lifetime
component of 730 ps drops by almost 30% from 0.92 to 0.63, the 500 ps lifetime
component appears with a fractional contribution f 500 of 0.33.

2Although in the general description of the multiexponential kinetics the longest lifetime
component was denoted to amount to about 750 ps, here the value of 730 ps is used as this
section here directly refers to the experiments for excitation of the bacteriochlorophylls.
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Figure 6.2.: Fractional intensity contributions of the distinct lifetime compo-
nents of the multiexponential kinetics observed for excitation of bacteriochloro-
phylls: The fractional contributions of the up to three contributing lifetimes, respec-
tively, are shown as a function of the laser repetition rate for the excitation fluences
1 · 1013 photons/(pulse·cm2) and 1 · 1014 photons/(pulse·cm2). Data values are taken
from Table 5.6, for biexponential kinetics a fractional contribution amounting to zero is
visualized for the third lifetime component. The connecting lines serve as a guide to the
eye. For details see text.

For the excitation fluence of 1 · 1014 photons/(pulse·cm2) overall a similar be-
haviour of the fractional contributions f 730 and f 500 can be seen. In contrast to
the lower excitation fluence, here the decrease of f 730 and the concomitant in-
crease of f 500 appears already for the laser repetition rate of 8 MHz. Thus, f 730

decreases from 0.92 down to 0.6 and f 500 rises up to a fractional contribution
of 0.35 for a laser repetition rate of 80 MHz. Thus, from Fig.6.2 it can be clearly
seen that predominantly the laser repetition rate influences the changes of the
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fractional contributions of two of the three contributing lifetimes of the multiex-
ponential kinetics, giving additional evidence that the process of STA is involved.

Hence, summarizing the considerations above, the third lifetime component
amounting to about 500 ps is attributed to the occurrence of STA processes
within the LH2 complex of Mch. purpuratum and identified as corresponding
to the fluorescence of those LH2 complexes within the investigated ensemble
of LH2 complexes. Considering the fact that the 730 ps lifetime component
was attributed to the fluorescence lifetime of the B830 LH2 complex, k f luo =

(730 ps)−1, and moreover that the 500 ps presumably reflects the fluorescence
emission quenched by occurrence of STA, k f luo,quench = k f luo + kSTA = (500 ps)−1,
the rate for quenching via STA can be determined, kSTA = 6.3 · 108 s−1. This
value is larger than the previously reported value for the rate of STA-quenching
within LH2 [3], which was also speculated to give a lower boundary for the
value of the rate for STA in LH2 complexes, but still in the same order of mag-
nitude.

Moreover, the value reported in the literature refers to LH2 complexes of Rps.
acidophila, whereas in this thesis detergent-isolated LH2 complexes of Mch. pur-
puratum are studied. From the recently published structure of the B830 LH2 it
is known that this LH2 complex hosts two carotenoid pigments per apoprotein
pair, thus offering double the number of possible host positions for triplet ex-
citations within the LH2 complex with respect to the LH2 complexes of other
species of purple bacteria3. Hence, this allows to speculate that in the LH2 com-
plex of Mch. purpuratum for a singlet excitation it is presumably easier to find a
nearby triplet excitation to annihilate with , in consequence resulting not only
in a more efficient quenching via STA but likely also reflected by a significantly
higher rate of singlet-triplet annihilation for this species of purple bacteria.

3Of course this strictly refers only to the limited number of LH2 complex whose molecular
structures have been resolved at high resolution [22, 24, 23].
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6.4. Origin of the fast lifetime component below

100 ps observed for all excitation conditions

Whereas the lifetime component of about 750 ps was attributed to the fluores-
cence lifetime of the B830 LH2 complex and the lifetime component of about
500 ps observed exclusively for excitation of BChl a was just attributed to the
fluorescence lifetime under the involvement of singlet-triplet annihilation pro-
cesses, in contrast, the origin of the fast lifetime component amounting to a value
of below 100 ps has not been discussed yet. This lifetime component is observed
for excitation of bacteriochlorophylls as well as for excitation of carotenoid pig-
ments within the LH2 complex. Moreover, it was shown that its fractional inten-
sity contribution is neither affected by the laser repetition rate nor the excitation
photon fluence of the experiments, compare Sections 5.2.3 and 5.3.3. Thus, it
can be excluded that the fast lifetime component amounting to a value of below
100 ps results from any quenching effects due to excitation annihilation pro-
cesses within the LH2 complex. In consequence, it must originate from another
emissive state within the energy level scheme of the LH2 complex.

From the experiments performed upon excitations of bacteriochlorophyll pig-
ments it follows that this additional emissive state, named X for the moment,
is proposed to lie in the vicinity of the singlet excited states of the B800 and
B830 manifold within the LH2 complex and may either be populated via the
B800 BChl a molecules or those arranged in the B830 ring of bacteriochlorophyll
pigments. An involvement of the carotenoid pigments in the population path-
way of state X can be excluded for two reasons: First, if it was the case that
carotenoid pigments were involved in the population of state X, the emission of
state X could not or only hardly be observed upon excitation of bacteriochlo-
rophyll pigments. However, emission from state X is observed in the experi-
ments using excitation of bacterichlorophyll pigments in this thesis, thus there
is no indication of an involvement of carotenoid pigments in the population of
state X. Moreover, the second reason for disregarding the carotenoid pigments
in the further discussion of the population pathway of state X is that no sig-
nificant increase of the fractional contribution of the fast lifetime component,
which was attributed to the emission of state X, was observed with respect to
the experiments performed upon excitation of bacteriochlorophylls. However, a
significant increase of the fractional contribution would have been expected for
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excitation of carotenoids when the carotenoid pigments were directly involved
in the population pathway of state X. Next, the two possible population path-
ways for the newly introduced state X via the two pools of bacteriochlorophyll
pigments within the LH2 complex, B800 and B830, are discussed.

Assuming that the population of state X occurs via the B830 manifold of bacte-
riochlorophyll pigments corresponds to an additional relaxation channel of the
singlet excitations in the 1B830* state, thus competing with the radiative relax-
ation channel resulting in fluorescence emission. Hence, this population path-
way for state X would result in a decrease of the observed fluorescence lifetime,
in a similar manner as discussed in the previous section for quenching of the
fluorescence lifetime due to annihilation effects. However, this is not the case
in the experiments. There, the small fluorescence lifetime of below 100 ps is ob-
served in addition to the fluorescence lifetime of about 750 ps. In consequence,
a population of state X via the B830 BChl a molecules can be excluded to occur.

The second possibility for the population of the newly introduced state X is a
population pathway via the B800 bacteriochlorophyll manifold. This pathway
for the flow of energy to state X is in accordance with the experimental obser-
vations that the two fluorescence lifetimes attributed to state X and attributed
to the fluorescence emission of the B830 BChl a pigments are observed simul-
taneously. Hence, a population of the newly introduced state X via the B800
bacteriochlorophyll pigments in the LH2 complex of Mch. purpuratum can be as-
sumed. An energy level scheme for the B830 LH2 complex including now the
new introduced emissive state X, as expected from a general analogy to the
‘standard‘ LH2 complex of Rps. acidophila, is shown in Fig. 6.3.

Although the population pathway of the newly introduced emissive state X was
just considered, the molecular origin of this state remains still an open ques-
tion. In the following, two possible explanations are discussed. Thus, either low
lying excited states of the carotenoid pigments within the LH2 complex or alter-
natively excitonic states with a certain admixture of a charge-transfer character
within the LH2 complex might be the origin of the newly introduced state X
attributed to the observed fast lifetime component in fluorescence emission.
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Figure 6.3.: Proposal of an additional emissive state within the energy level
scheme of LH2 of Mch. purpuratum: The energy level scheme of the LH2 complex of
Mch. purpuratum is visualized as expected from the analogy to ‘standard‘ LH2 from Rps.
acidophila. The excited states of the carotenoid pigments as well as the bacteriochloro-
phylls are shown as single energy levels. The singlet excitation levels of the B800 and
the B830 ring are denoted as 1B800* and 1B830*, respectively. The singlet excited states
of the Car molecules are denoted as 1Car*, triplet states of the carotenoids are referred to
as 3Car*. A new emissive state denoted as X is visualized, lying in close vicinity to the
singlet excited states of the B800 and B830 ring, respectively. The population of state X
via the B800 pigments is indicated. For details see text.

6.4.1. Carotenoid excited states in the B830 LH2 complex

The photophysics of carotenoids is complex and still a matter of ongoing re-
search and discussion4 [73, 133, 134, 135, 136, 137]. In the current understanding
of the excited states of carotenoids low lying excited states, such as an intra-
molecular charge-transfer (ICT) state within the carotenoid, lying in the vicin-
ity of and below the S1 state of carotenoids may occur for distinct carotenoid
molecules [73, 133, 138, 139]. The first singlet excited state S1 of carotenoids is not
optically accessible by absorption of excitation laser light [133, 140, 134, 135, 73]
and thus is only populated via internal conversion processes within a carotenoid
molecule. It is well known and also proven by experiments that the S1 state is
involved in the highly efficient energy transfer from carotenoids to bacterio-
chlorophyll pigments within LH2 complexes, both in general [75, 77] as well as
especially for the case of the LH2 complex of Mch. purpuratum [100, 96].

4In Appendix A a brief summary of the current concensus on the photophysics of carotenoids
is given.
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Thus, by consequence the S1 state of carotenoids clearly has to lie above the
excited states of the two pools of bacteriochlorophyll pigments within the LH2
complex, B800 and B830, in order to allow for energy transfer, whereas a lower
lying excited state such as an ICT state might lie below S1 and thus possibly
even below the excited state of the B800 ring or the B830 ring of bacteriochlo-
rophyll molecules. Hence, such an ICT state of carotenoid might in principle
be the origin of the newly introduced state X in the B830 LH2 complex of
Mch. purpuratum. However, although such ICT states are often observed for the
group of carbonyl-carotenoids, carotenoids featuring a carbonyl side chain, and
the carotenoid okenone incorporated in the LH2 complex of Mch. purpuratum
belongs to the group of carbonyl carotenoids, see structure formal in Fig. 2.19
as well as Appendix A, there is no indication that okenone features such a low
lying state in its manifold of excited states [141].

Moreover, if it was the case that the new state X in the energy level scheme of
LH2 from Mch. purpuratum would be a low lying excited state of carotenoid, the
fractional contribution of the fast lifetime component attributed to state X should
significant increase for excitation of the carotenoid pigments. This would be
expected due to internal conversion processes within the carotenoid molecule,
populating state X in addition to the population pathway via the B800 BChl a
molecules that was identified above. However, such an increase of the fractional
contribution of the fast lifetime component is not observed in the experiments
for excitation of either carotenoids or bacteriochlorophyll pigments. In contrast,
similar fractional contributions of about 10% of the fast lifetime component of
below 100 ps were observed, independently of the excitation wavelength. In
conclusion, from the current point of view it can be likely excluded that a low
lying state of carotenoid is the origin of the newly introduced state X in the
energy level scheme of B830 LH2 complex of Mch. purpuratum.

6.4.2. Charge-transfer states in the B830 LH2 complex

The photophysics of the ‘standard‘ LH2 complex strongly depends on the two
rings of BChl a molecules within the LH2 ring, named the B800 ring and the B850
ring5, as introduced in detail in Chapter 2. Those two rings of pigments, named

5Of course, for the B830 LH2 complex of Mch. purpuratum this refers to the B830 ring.
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after their respective absorption bands in the NIR wavelength range, mainly de-
termine the electronic excitations within the LH2 complex and thus their kinet-
ics. Whereas the B800 ring consists of rather weakly coupled BChl a molecules,
by contrast the B850 ring comprises twice the number of BChl a molecules in
close proximity resulting in strong coupling between the individual pigments
[36]. Excitation energy, either resulting from direct excitation or by energy trans-
fer from the B800 ring, is known to delocalize along the ring at least over parts of
the B850 ring [51, 1]. This delocalization of excitation energy in the excited state
of the B850 ring is often referred to as Frenkel exciton, as it can be effectively
described using the model of molecular excitons introduced by Frenkel in 1931
[142], and is in detail calculated [36] and discussed theoretically in the literature
numerous times [143, 144, 15].

Moreover, due to the tight packing of pigments and the resulting strong cou-
pling between the individual BChl a molecules, the delocalization of excitation
energy can be affected by this coupling. Thus, the "asymmetry of the electron
density in the excited state may become larger, and the excited state may, in these
conditions exhibit charge-transfer character" [145] which corresponds to a mix-
ing of the electronically excited states and charge-transfer states (CT) resulting
in so called mixed exciton charge-transfer states (ex-CT). Pure charge transfer
states feature in general a nonzero static dipole moment and a transition dipole
moment of zero [8] and due to the latter fact these states are optically forbidden
and cannot be optically excited from the ground state. Hence, these CT states
are sometimes also referred to as dark states. However, mixing of the electroni-
cally excited states with CT states results in a finite transition-dipole moment of
the resultant mixed exciton charge-transfer state and thus in principle allows for
emission of fluorescence from these states by coupling to the electronic ground
state.

The occurrence of mixed exciton CT states in the LH2 complex of purple bac-
teria was indicated by means of Stark spectroscopy experiments in the 1990s
[146, 147]. In order to account for the high values observed for the difference
dipole moment ∆µ between the ground state and the excited state as well as for
the corresponding difference polarizabilities ∆α, these studies proposed a mix-
ing of the lowest excited state with CT states between the neighboring, densely
packed BChl a molecules within the B850 ring to explain their results. Since
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then, and especially within the last decade, the occurrence of mixed exciton CT
states within the LH2 complex of purple bacteria and moreover their influence
on the spectroscopic properties have come more and more into the focus of
current research, both theoretically as well as experimentally. Thus, the occur-
rence of low-energy CT states on adjacent BChl a molecules, resulting from the
close proximity and the strong overlap of the tetrapyrrole rings in the dimerized
B850 molecules, was proposed to explain exciton-self trapping and in particular
strong electron-phonon coupling within the LH2 complex of Rps. acidophila by
mixing of those CT states with the excited states [148]. Results from quantum
chemical simulations indicated the occurrence of mixed exciton CT states for the
‘standard‘ LH2 complex of Rps. acidophila as well as for the blue-shifted low-light
spectral variant with absorption bands at 800 nm and 820 nm, respectively [149].

In 2016 Ferretti and coworkers reported on the occurence of a dark state in
two types of LH2 complexes of Rps. palustris, one wild-type LH2 complex with
‘standard‘ absorption bands a 800 nm and 850 nm, respectively, and one genet-
ically modified mutant LH2 complex, with only one absorption band located
at 810 nm [8]. From two-dimensional electronic spectroscopy (2DES) a low-lying
mixed exciton CT state was identified for both types of LH2 complexes, the wild-
type LH2 complex as well as for the mutant LH2 complex. In both cases this
mixed exciton CT state was found to be populated from the B800 ring of BChl a
molecules within 50 - 65 fs [8]. For the mutant LH2 complex of Rps. palustris
strong quenching of the fluorescence emission with respect to the wild-type
LH2 complex was observed, indicated by a significant decrease of the fluores-
cence lifetime. This strong quenching was attributed to the occurrence of the
newly found mixed exciton CT state. From time-resolved spectroscopy the life-
time of the mixed exciton CT state was determined to be 70 ps [8].

Moreover, in recent studies mixed exciton CT states were found to play a sig-
nificant role in the spectral tuning of LH2 complexes of purple bacteria. In fact,
both the spectral position of the absorption bands [6, 150] as well as the width of
the absorption bands was found to be influenced by the involvement of mixed
exciton CT states in the photophysics of the LH2 complex [151]. Very recently,
such mixed exciton CT states were reported to at least influence or even mediate
the energy transfer between the two rings of BChl a molecules within the LH2
complex, namely the B800 ring and the B850 ring [152]. In recent years several
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review articles emphasized the occurrence and importance of the mixed exciton
CT states in the LH2 complexes of purple bacteria for various purposes and tried
to figure out what is known about their general role in bacterial photosynthesis
[153, 154, 155].

Finally, from all what is known about the occurrence and involvement of mixed
exciton CT states within LH2 complexes of purple bacteria up to the present,
there is profound indication that such mixed exciton CT states may also occur
in the B830 LH2 complex of Mch. purpuratum investigated in this thesis. Thus, in
analogy to the findings of Ferretti et al. [8] that reported a biexponential kinetics
with lifetime components of 700 ps and 70 ps for a genetically modified mutant
LH2 complex of Rps. palustris, the biexponential kinetics observed for the B830
LH2 complex of Mch. purpuratum within this thesis is likely attributed to the
occurrence of a mixed exciton CT state. Hence, the significant shortening of the
750 ps fluorescence lifetime component for the LH2 complex of Mch.purpuratum
with respect to the in general reported fluorescence lifetime of approximately
1 ns for LH2 complexes of other species of purple bacteria [1, 2] is in accordance
with the literature [8] and thus allows the assumption of the occurrence of a
mixed exciton CT state in the B830 LH2 complex. The observed fast lifetime
component of below 100 ps in the multiexponential fluorescence kinetics of the
LH2 complex of Mch.purpuratum is thus tentatively identified as the lifetime of
the mixed exciton CT state, in analogy to Ferretti et al. [8].

6.5. Proposal of an energy level scheme of the

B830 LH2 complex

The identification of the up to three lifetimes in the observed multiexponen-
tial fluorescence kinetics, see previous sections, now allows for the proposal
of an energy level scheme for the B830 LH2 complex of Mch. purpuratum. The
energy level scheme proposed here is based on the general building principle
of bacterial light-harvesting complexes as spherical arrangements of pigments
embedded into a protein scaffold and thus features analogy to the current un-
derstanding of the energy level scheme of LH2 complexes such as the ‘standard‘
LH2 complex from Rps. acidophila, compare Section 2.3, and considers in addi-
tion the experimental findings for the B830 LH2 complex of Mch. purpuratum in
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this thesis.

The proposed energy level scheme is shown in Fig. 6.4 and the time constants of
the distinct steps in the flow of energy within the propsed energy level scheme
are summarized in Table 6.1. Most of the time constants directly refer to the LH2
complex of Mch. purpuratum, either from literature or the experiments of this
thesis. However, although a few of the time constants refer to other species of
photosynthetic purple bacteria, it is reasonable to use their number values in the
construction of the energy level scheme of Mch. purpuratum because according
to the current knowledge about the photophysics of light-harvesting complexes
of purple bacteria different species in fact may show some variations in the time
constants of the energy transfer processes but these are always in the same order
of magnitude.

transition process time constant species reference

energy transfer 100 fs (S2 → B830) Mch. purpuratum [100]
Car-BChl 0.5 ps (S1 → B800)

5 ps (S1 → B830)

energy transfer ≤ 1 ps Rba. sphaeroides [45, 47]
B800-B830

internal conversion ≤ 300 fs Mch. purpuratum [73, 100, 156]
within Car (S1 → S2)

population of state ≤ 100 fs Rps. palustris [8]
CT via B800

lifetime of state CT ≤ 100 ps Mch. purpuratum this thesis

B830 lifetime ≈ 750 ps Mch. purpuratum this thesis

ISC in B830 10 ns Rba. sphaeroides [53]

B830 triplet lifetime 70 µs Rba. sphaeroides [53, 54]

triplet-triplet energy ≤ 1 ns Mch. purpuratum [57]
transfer (B830→Car)

Car triplet lifetime 1.2 µs Mch. purpuratum [57]

Table 6.1.: Time constants of the energy transfer processes within the energy level
scheme of the LH2 complex of Mch. prupuratum in Fig. 6.4

Upon excitation of the B800 bacteriochlorophyll pigments within the B830 LH2
complex of Mch. purpuratum the flow of energy may either follow the highly effi-
cient excitation energy transfer to the B830 bacteriochlorophyll pigments, within
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about 1 ps [47], or alternatively may follow the newly identified relaxation path-
way populating a mixed-exciton charge-transfer state CT within about 100 fs [8],
see Fig. 6.4.

Figure 6.4.: Energy level scheme of the B830 LH2 complex derived from the ob-
served multiexponential fluorescence kinetics: The energy level scheme of the B830
LH2 complex is shown, the different pathways of the downhill flow of energy are indi-
cated by arrows. The excited states of the three groups of pigments, the B800 BChl a
molecules, the B830 BChl a molecules and the Car molecules, are shown as single en-
ergy levels. The singlet excitation levels of the B800 and the B830 ring are denoted as
1B800* and 1B830*, respectively. In analogy the second singlet excited states S2 of the
Car molecules are denoted as 1Car* and the triplet states of the Car molecules are referred
to as 3Car*. The newly proposed mixed-exciton charge-transfer state is denoted as CT.
Absorption of excitation light either by the carotenoid pigments or bacteriochlorophylls
is depicted by thin red arrows, fluorescence emission is indicated by thick red arrows and
downhill transitions between the distinct energy levels are depicted as grey arrows. An
overview of the values of the transition times including references is given in Table 6.1.
For details see text.

Both possible pathways result in fluorescence emission, with lifetimes of be-
low 100 ps and about 750 ps, respectively, as seen from the experiments of this
thesis. When excitation energy is transferred to the B830 BChl a manifold of pig-
ments, bacteriochlorophyll triplet excitations of the B830 molecules are formed
via inter-system crossing within 10 ns [53, 76]. Those triplet excitations of the
B830 bacteriochlorophyll pigments may either relax to the ground state within
70 µs [53, 54] or may result in carotenoid triplet excitations via triplet-triplet en-
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ergy transfer. For Mch. purpuratum triplet-triplet excitation energy transfer from
bacteriochlorophylls to carotenoids is reported to occur highly efficient on a
timescale of 1 ns [57], the resulting carotenoid triplets of okenone have a lifetime
of 1.2 µs [57].

Absorption of excitation light by the carotenoid pigments results in excitation
of the S2 state of the carotenoid molecules, see Fig. 6.4, because the lower lying
first excited singlet state S1 is optically forbidden6. Then either direct energy
transfer to the B830 bacteriochlorophyll pigments within about 100 fs may occur
[100] or alternative internal conversion processes may result in population of the
S1 of the carotenoid on similar timescales [73, 100, 156]. From S1 singlet energy
transfer to both pools of bacteriochlorophyll pigments may occur [100], resulting
in population of either the B800 or the B830 pigments within the LH2 complex
of Mch. purpuratum. From there on the excitation energy may follow the same
intra-complex energy pathways in the energy cascade as described above for ex-
citation of BChl pigments.

The energy level scheme proposed above for the B830 LH2 complex of Mch.
purpuratum considers the two lifetime components observed in the fluorescence
experiments but yet the question why a third lifetime component attributed to
singlet-triplet annihilation is only observed upon excitation of bacteriochloro-
phylls in the experiments remains unsolved. However, based on the proposed
energy level scheme the next section will discuss this experimental finding and
will discuss the origin of this effect.

6.6. Origin of the di�erence in the observed

kinetics for excitation of BChl a or carotenoid

molecules

Whereas the possible origin of the up to three lifetime components identified
in the fluorescence kinetics was discussed in detail in the previous sections of
this chapter, the reason for the remarkable difference in the kinetics either for
excitation of bacteriochlorophylls or carotenoid pigments, namely that for excita-

6An overview of the photophysics of carotenoids in general is given in Appendix A.
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tion of carotenoids no third lifetime component was observed, remains an open
question. The third lifetime component of about 500 ps, which was exclusively
observed for excitation of bacteriochlorophyll pigments, has yet been attributed
to the occurrence of singlet-triplet annihilation events. Thus, the fact that this
lifetime component was not observed for excitation of carotenoid pigments leads
to the conclusion that no singlet-triplet annihilation may occur for excitation of
carotenoids. Moreover, this may only be the case when no triplet excitations
are available for such annihilation processes because singlet excitations are cre-
ated by each excitation laser pulse. However, from the just proposed energy
level scheme of the LH2 complex of Mch. purpuratum, see Fig. 6.4, it is clear that
triplets will be generated upon excitation of either of the pigments. Hence, the
question arises which mechanism results in the fact that no triplets are available
for singlet-triplet annihilation upon excitation of carotenoid pigments.

Within the possible excitation annihilation processes discussed before, only one
process has an influence on the number of triplet excitations within the LH2
comlex: triplet-triplet annihilation (TTA). However, carotenoid triplet excita-
tions within an LH2 complex of purple bacteria are reported to be localized on
one carotenoids molecules and can be assumed as almost immobile [63, 64, 65].
Triplet-triplet interactions are known to rely on the short-range exchange inter-
action, which requires overlap of the electronic wavefunctions of the two triplet
excitations (Dexter mechanism of energy transfer) [68, 157]. Hence, in order to
allow for the criterion of wavefunction overlap for the occurrence of TTA, either
a very high number of carotenoid triplet excitations within the LH2 complex
is necessary such that neighboring pigment molecules might carry a triplet ex-
citation or alternatively two triplet excitations have to be located on the same
carotenoid molecule.

The recently published structure of the B830 LH2 complex of Mch. purpuratum
[96] allows for determination of the interpigment distances within the LH2 com-
plex. In Fig. 6.5 one apoprotein pair acting as the basic building block of the LH2
complex is shown in order to visualize the tight packing of pigments within the
LH2 complex of Mch. purpuratum. The intermolecular distance between Car1
and the closest B830 BChl a molecule, visualized in green and red color, respec-
tively, amounts to 6.3 Å. The distance between Car2, visualized in blue color,
and the B800 BChl a pigment, visualized in yellow color, is 3.7 Å and the closest
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spatial separation of the two carotenoid molecules, visualized in green and blue
color, amounts to 4.5 Å. All these values are below 10Å, which is, as a rule of
thumb, the maximum separation that allows for triplet-triplet exchange interac-
tion [68, 158, 159]. Hence, from this point of view the occurrence of TTA either
between triplets located on adjacent carotenoid pigments or between neighbor-
ing BChl a and carotenoid pigments can be assumed to be possible.

Figure 6.5.: Tight packing of bacteriochlorophyll and carotenoid pigments within
the LH2 complex of Mch. purpuratum: The pigment arrangement in the basic bulding
block of the LH2 complex is visualized, as known from the CryoEm structure [96]. The
color code is chosen as before, BChl a molecules of the B800 and the B830 ring are
visualized in yellow and red, respectively. The two carotenoid pigments of okenone,
Car1 and Car2, are shown in green and blue color, respectively, coding their different
molecular orientations within the LH2 complex. Intramolecular distances are indicated
by dashed arrows. The rendering of the molecular arrangement of the pigments as well as
the measurement of the intermolecular distances was done with PyMOL (Schrödinger).
For details see text.

The assumption that the observed difference in the kinetics upon excitation of
bacteriochlorophyll or carotenoid pigments is due to the occurrence of TTA
within the LH2 complex is appealing and even supported by the fact, that the
molecular arrangement of pigments within the LH2 complex of Mch. purpuratum
would allow for the occurrence of TTA. However, it is yet still speculative be-
cause triplet excitations are created upon excitation of either of the pigments,
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bacteriochlorophylls as well as carotenoids, compare previous section and Fig 6.4.
In order to elucidate the situation of triplet excitations in the LH2 complex, re-
sulting from excitation of either of the pigments, next, a detailed look on the
flow of energy within the LH2 complex will be given, first for excitation of bac-
teriochlorophyll pigments, then for excitation of carotenoids.

In Fig. 6.6 the flow of energy within the LH2 complex of Mch. purpuratum upon
excitation of bacteriochlorophylls is visualized, according to the recently devel-
oped energy level scheme that was proposed in the previous section. In addition
to the energy transfer times of the distinct transfer steps within the energy level
scheme, also the relative flow of energy is indicated according to the quantum
yields of the transfer steps. The values of the quantum yields were calculated
from the ratio of transfer rates, each given by the inverse of the distinct transfer
time.

Figure 6.6.: Flow of energy within the LH2 complex of Mch. purpuratum upon
excitation of bacteriochlorophylls:The energy level scheme of the LH2 complex of
Mch. purpuratum is shown for excitation of bacteriochlorophylls, including the path-
ways of the downhill flow of energy. The excited states of the three groups of pigments,
the B800 BChl a molecules, the B830 BChl a molecules and the Car molecules, are shown
as single energy levels as before. Besides the values of the characteristic timescales of the
energy transfer steps, in addition also the values of the quantum yields of the distinct
energy transfer process are given in magenta color. Those percentage values refer to the
initially excited state and thus denote the relative population of the respective excited
states. For details see text.

From Fig. 6.6 it is clear, that after absorption of excitation laser light by the B800
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bacteriochlorophyll molecules, only 9 % of the energy is transferred to the B830
BChl a molecules and 91 % result in population of the newly identified state CT.
When excitation energy is located on the B830 BChl pigments, it may either relax
into the ground state within 750 ps or alternatively a bacteriochlorophyll triplet
may be generated within 10 ns. This bacteriochlorophyll triplet will then either
relax within a lifetime of 70 µs or alternatively be transferred to an adjacent
carotenoid molecule multiple orders of magnitude faster, within about 1 ns. In
consequence, the quantum yield for the generation of carotenoid triplet excita-
tions upon excitation of bacteriochlorophyll pigments within the LH2 complex,
is calculated to amount to only 0.63 %.

Next, the flow of energy is considered for excitation of carotenoid pigments
within the LH2 complex of Mch. purpuratum. In analogy to the situation just de-
scribed, the flow of energy is visualized for excitation of carotenoid pigments in
Fig. 6.7. For each transition the distinct transfer time as well as the relative flow
of energy is indicated, according the quantum yields of the distinct transition
steps. As before, the values of the quantum yields were calculated from the ra-
tio of transfer rates, each given by the inverse of the distinct transfer time.

Upon excitation of the carotenoid pigments about 75% of energy are transferred
to the B830 pool of bacteriochlorophyll pigments and 25% are transferred to
the S1 state of the carotenoids via internal conversion processes, whereas triplet
generation within the carotenoid molecules is almost negligible. From the S1

state most of the energy (22.7%) is transferred to the B800 bacteriochlorophylls
where only a small fraction is transferred to the B830 pigments. In total Fig. 6.7
visualizes nicely that for excitation of the carotenoid pigments about 75% of
the excitation energy bypasses the B800 state and thus also the newly identified
mixed-exciton charge transfer state CT. Hence, due to the quantum yield of in-
tersystem crossing in BChl a as well as the highly efficient triplet-triplet energy
transfer within the LH2 complex of Mch. purpuratum, the overall triplet genera-
tion yield upon excitation of carotenoid pigments within the B830 LH2 complex
amounts to 5.5%.

As outlined above the triplet generation quantum yields either for excitation
of bacteriochlorophylls (0.63%) and for excitation of carotenoids (5.5%) differ
in about one order of magnitude. Hence, these significantly different quantum
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yields of triplet formation support the idea outlined above that upon excita-
tion of either the bacteriochlorophyll pigments or the carotenoid molecules sig-
nificantly different situations of triplet excitations within the LH2 complex of
Mch. purpuratum occur, giving rise to the occurrence of TTA for excitation of the
carotenoid pigments. In consequence, resulting in the fact that for excitation of
carotenoids in the B830 LH2 complex no triplets are available for the occurrence
of singlet-triplet annihilation (STA).

Figure 6.7.: Flow of energy within the LH2 complex of Mch. purpuratum upon
excitation of carotenoids: The energy level scheme of the LH2 complex of Mch. pur-
puratum is shown for excitation of carotenoid pigments, including the pathways of the
downhill flow of energy. The excited states of the three groups of pigments, the B800
BChl a molecules, the B830 BChl a molecules and the Car molecules, are shown as sin-
gle energy levels as before. Besides the values of the characteristic timescales of the energy
transfer steps, in addition also the values of the quantum yields of the distinct energy
transfer process are given in magenta color. Those percentage values refer to the initially
excited state and thus denote the relative population of the respective excited states. For
details see text.

The trend of a fundamental different situation of triplet excitations in the LH2
complex of Mch. purpuratum upon excitation of bacteriochlorophylls or carote-
noids is further validated by considering the exemplary situation of one single
LH2 complex excited by a series of laser pulses and calculating the resulting
triplet population7. In dependence of the ratio of the temporal separation of the
laser pulses with respect to the carotenoid triplet lifetime of 1.2 µs [57] a steady

7The details of the calculation are given in Appendix F.
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state triplet population accumulates within the LH2 complex after a few hun-
dred laser pulses. In Fig. 6.8 the evolution curves of the triplet population within
the LH2 complex of Mch. purpuratum are shown for excitation of bacteriochloro-
phylls as well as for excitation of carotenoids at the highest excitation density,
given by the product of the laser repetition rate and the excitation photon flu-
ence, thus corresponding to the situation of the maximum number of triplets in
the experiments.

(a) excitation of bacteriochlorophylls (b) excitation of carotenoids

Figure 6.8.: Triplet population evolution curves: Calculated evolution of the number
of triplet excitations in the LH2 complex of Mch. purpuratum is shown as a function of
the number of excitation laser pulses for a fluence of 1 · 1014photons/(pulse · cm2) for
excitation of bacteriochlorphylls at 790 nm (a) at a laser repetition rate of 80 MHz and
for excitation of carotenoid pigments (b) at a laser repetition rate of 40 MHz. For details
see text.

For excitation of bacteriochlorophylls a steady state population of 0.44 triplets
per LH2 complex is reached within about 500 excitation laser pulses, corre-
sponding to 6.25 µs, see Fig. 6.8a. In contrast, for excitation of the carotenoid
pigments a steady state triplet population of 2.96 triplets per LH2 complex is
reached within about 5 µs corresponding to 500 excitation pulses, see Fig. 6.8b.
Both saturation times are short with respect to the integration times of the ex-
periments of 60 ms and 120 s for excitation of bacteriochlorophyll and carotenoid
pigments, respectively, see Chapter 3, and thus reflect the situation of the exper-
iments well. As already indicated by the significantly different quantum yields
of triplet generation upon excitation of either of the two pigments, the calculated
steady state triplet population for excitation of the carotenoid pigments exceeds
the value obtained for excitation of bacteriochlorphylls by almost one order of
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magnitude.

Considering the fact that the steady state triplet populations calculated above
reflect the expectation value of a Poisson distribution, the probability that an
LH2 complex carries one, two or multiple triplet excitations can be calculated8.
Hence, for excitation of bacteriochlorophylls the probability that an LH2 com-
plex carries one triplet excitation is 28%, whereas the accumulated probability
that an LH2 complex carries two or more triplet excitations is only about 7%.
In contrast, the situation for considering excitation of the carotenoid pigments
appears fundamentally different. Whereas the probability that an LH2 com-
plex carries one triplet excitation amounts to 15%, the probability that an LH2
complex carries up to 5 triplet excitations accumulates to 62%. Considering in
addition that two triplet excitations have to be located on adjacent carotenoid
molecules then allows for estimation of the probability that TTA may occur in
the LH2 complex of Mch. purpuratum to values of 1.3 % for excitation of bacteri-
ochlorophylls and 15.7 % for excitation of the carotenoid pigments, respectively.
Hence, these estimations9 corroborate the interpretation that excitation of either
of the two pigments, bacteriochlorophylls or carotenoids, result in fundamen-
tally different situations of triplet excitations within the LH2 complex such that
upon excitation of the carotenoid pigments the occurrence of TTA is very likely
and thus results in the fact that almost no triplet excitations are available for
singlet-triplet annihilation processes.

In summary, besides the fact that the heptameric symmetry of the B830 LH2
complex of Mch. purpuratum already results in overall smaller interpigment dis-
tances in comparison to LH2 complexes from other species of purple bacteria
[96], in addition the peculiarity that in the molecular structure of LH2 complex
each apoprotein pair features two carotenoid molecules of okenone promotes
this effect. In total, both aspects highly favor the occurrence of TTA in the B830
LH2 complex of Mch. purpuratum, especially for high numbers of triplet excita-

8The detailed calculation is outlined in Appendix F.
9In order to allow for simplicity the estimation of the triplet populations outlined here does

not yet consider that there is indication that the two carotenoid molecules within the B830 LH2
complex, Car1 and Car2, feature slightly different energy transfer behavior to the two pools
of bacteriochlorphyll pigments within the LH2 complex, B800 and B830 [100]. Nonetheless,
the trend of a fundamental different situation of triplet excitations upon excitation of either
of the two pigments, bacteriochlorphylls or carotenoids, is clearly visible and a more detailed
calculation would result in only minor changes of the number values.
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tions. Overall it appears to be the fact that the specialty of its molecular structure
in combination with the newly proposed, additional emissive state CT within the
electronic structure of the LH2 complex of Mch. purpuratum both together result
in the fact that no lifetime component indicating the occurrence of STA is ob-
served in the experiments upon excitation of the carotenoid pigments.

6.7. Summary of the discussion of the observed

kinetics of the B830 LH2 complex

The multiexponential kinetics which was revealed by phasor analysis of the ex-
perimental fluorescence transients of the LH2 complex of Mch. purpuratum was
discussed regarding different aspects. Mainly two central questions were to an-
swer: First, what is the molecular origin of the up to three lifetime components
identified in fluorescence emission? And second, why is the third lifetime com-
ponent only observed for excitation of BChls but is not observed for excitation
of carotenoid pigments?

The first aspect of the identification of the up to three lifetime components of
the fluorescence emission was addressed. Regarding the biexponential kinet-
ics which was observed for all excitation densities, given by the product of the
laser repetition rate and the excitation photon fluence, and irrespective of the
excitation of bacteriochlorophylls or carotenoid pigments, an influence of ex-
citation annihilation processes could be ruled out. In consequence, the longer
lifetime component of about 750 ps was identified as the fluorescence lifetime of
the B830 pool of bacteriochlorophyll pigments and the fast lifetime component
of below 100 ps was attributed to the fluorescence emission of another emissive
state within the energy level scheme of the LH2 complex. In analogy to previous
findings of a biexponential decay for an LH2 complex featuring lifetime compo-
nents of 700 ps and 70 ps [8], the additional emissive state resulting in the fast
lifetime component identified in the experiments on the B830 LH2 complex of
Mch. purpuratum in this thesis is proposed to be a mixed exciton charge-transfer
state CT. The appearance of such mixed exciton charge-transfer states in bac-
terial LH2 complexes and their involvement in the spectroscopic properties are
under discussion in the literature since the 1990s, see Section 6.4.2.
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Concerning the aspect of a third lifetime component observed exclusively for ex-
citation of the bacteriochlorophyll pigments for high excitation densities, it was
discussed that this lifetime component of about 500 ps can be attributed to the
occurrence of singlet-triplet annihilation (STA) within the LH2 complex of Mch.
purpuratum. Calculating the rate of singlet-triplet annihilation from the experi-
ments in this thesis results in a value of kSTA = 6.3 · 108 s−1, which is higher than
but still in the same order of magnitude of previously reported values for LH2
complexes from different species of purple bacteria [3]. However, the increased
value for the LH2 complex of Mch. purpuratum might reflect the specialty of its
molecular structure, featuring two carotenoids per apoprotein pair, thus likely
resulting in a higher number of possible triplet excitations.

Finally, the discussion of the up to three lifetime components resolved in the
experiments allowed for the formulation of an energy level scheme for the B830
LH2 complex of Mch. purpuratum, reflecting its electronic structure, see Sec-
tion 6.5.

The second main aspect addressed in the discussion was the difference in the
observed fluorescence kinetics upon excitation of either the bacteriochlorophylls
or the carotenoid pigments. Whereas for excitation of bacteriochlorophylls a
third lifetime component attributed to the occurrence of singlet-triplet annihila-
tion was identified in the overall multiexponential fluorescence kinetics, no such
lifetime component was identified for excitation of carotenoids. Singlet exci-
tations are created within the LH2 complex by every excitation laser pulse by
absorption of photons, hence the non-occurrence of singlet-triplet annihilation
processes, which is indicated by the absence of a third lifetime component, must
result from a lack of triplet excitations. Considering the possibility of excitation
annihilation processes, triplet-triplet annihilation (TTA) is the only mechanism
that influences the number of triplets within the LH2 complex.

Using the newly constructed energy level scheme of the LH2 complex of Mch.
purpuratum as a starting point it is clear that the generation of triplets and thus
the situation of triplet excitations within the LH2 complex are fundamentally
different whether the bacteriochlorophyll pigments or the carotenoids are ex-
cited. Moreover, from the recently published molecular structure [96] there is
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profound indication from the small interpigment distances that TTA might oc-
cur within the LH2 complex of Mch. purpuratum. Hence, on the basis of these
two aspects and in addition an estimation of the triplet excitations within an
LH2 complex as a function of the excitation conditions, determined by laser re-
petition rate and excitation photon fluence, the missing of a lifetime component
indicating the occurrence of STA in the experiments for excitation of the carote-
noids pigments of this thesis can be attributed to the occurrence of TTA in the
LH2 complex very likely.

In order to test the energy level scheme of the B830 LH2 complex of Mch. purpu-
ratum proposed within this section, next dynamic Monte-Carlo simulations will
be performed.

156



7. Modelling of electronic

excitations in isolated LH2

complexes of Mch. purpuratum

In order to test the simplified energy level scheme shown in Fig. 6.4 numeri-
cal simulations using the Dynamic Monte Carlo (DMC) method are performed.
The use of the DMC method to perform numerical simulations of the kinetics
of a multichromophoric system, such as bacterial light-harvesting complexes, is
a widely known principle [3, 69, 160, 161] and the DMC algorithm is well de-
scribed in the literature [162, 163, 164].

Below, a rate model based on the energy level scheme of the B830 LH2 complex
of Mch. purpuratum is developed for excitation of bacteriochlorophylls. The re-
sulting simulated fluorescence transients are compared with the experimentally
obtained fluorescence transients for testing of the energy level scheme that was
derived from the observed multiexponential kinetics. In addition also a phasor
analysis is performed for the simulated data in order to investigate the underly-
ing kinetics.

7.1. A model for electronic excitations in the LH2

complex upon excitation of

bacteriochlorophylls

In references [3, 69] a rate model was developed by Pflock and coworkers to
describe the kinetics of isolated LH2 complexes of Rps. acidophila [3] and clus-
ters of such LH2 complexes [69]. In order to allow for comparison of the rate
models a similar color code and similar graphical representation is chosen in the
following development of a rate model for the isolated B830 LH2 complex of
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Mch. purpuratum.

Starting point of the rate model for the simulation of the fluorescence kinetics
of the B830 LH2 complex is a simplified energy level scheme shown on the left
hand side of Fig. 7.1, which is mostly identical to Fig. 6.4. The only difference is
the relaxation of the excitation energy via the newly proposed mixed exciton CT
state, which is depicted as a one-step relaxation process as outlined below.

Figure 7.1.: Electronic excitations within the B830 LH2 complex of
Mch. purpuratum: On the left hand side a simplified energy level scheme is shown.
The excited states of the three groups of pigments, the B800 BChl a molecules, the B830
BChl a molecules and the Car molecules, are shown as single energy levels. The singlet
excitation levels of the B800 and the B830 ring are denoted as 1B800* and 1B830*, re-
spectively. The triplet states of the Car molecules is referred to as 3Car*. The relaxation
of energy from the 1B800* state into the ground state via the newly proposed CT state is
shown as a single step (light blue arrow). On the right hand side a pictorial representa-
tion of the different electronic states of the B830 LH2 complex of Mch. purpuratum in-
cluding the possible transitions between those states is shown. Different electronic states
of the B830 LH2 complex are coded by color, the small ellipses and crosses attached to the
big colored circle representing the LH2 complex visualize singlet and triplet excitations
within the LH2 complex, respectively. For details see text.

Absorption of the excitation laser light at a wavelength of 790 nm results in exci-
tation of the B800 BChl a molecules as already explained in detail earlier. Then,
alternatively relaxation of the excitation energy into the newly identified mixed
exciton charge-transfer state CT or energy transfer to the B830 BChl a molecules
can occur, compare also Fig. 6.4. As the population of the state CT happens
within approximately 60 fs [8], which is much faster than the temporal resolu-
tion of the experiments in this thesis, for modelling of the electronic excitations
within the LH2 complex the relaxation of energy via the CT state is simplified
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into a one-step relaxation process in the following with a single rate kCT, given
by the inverse of the lifetime of the mixed-exciton CT state, kCT = (50 ps)−1. The
other energy transfer processes within the LH2 complex are identical to those
discussed in detail in Section 6.5, compare also Fig. 6.4. The transfer rates are
renamed in analogy to the right hand side of Fig. 7.1, following the principle
that the subscript of the specific rate kij refers to the transition from the starting
state i to the final state j.

On the right hand side of Fig. 7.1 a pictorial representation of the different elec-
tronic states of the B830 LH2 complex and the transitions between these states
are shown. An LH2 complex in the electronic ground state is represented as
a circle of green color. This state is denoted as state |1>=|1B800,1B830,1Car>
as both, the BChl a molecules in the two groups of molecules, B800 and B830,
as well as the Car molecules within the LH2 complex, are in the ground state
and do not carry any excitation. Absorption of excitation light of a wavelength
of 790 nm is represented by the rate kexc and results in the excited state 1B800*
of the B800 BChl a molecules, depicted as grey ellipse and denoted as |B800>
=|1B800*,1B830,1Car>. In analogy to the energy level scheme on the left, re-
laxation of the energy of the |B800> state into the ground state can occur via
the newly identified CT state as represented by the rate kCT = (50 ps)−1 or
alternatively the energy of the |B800> state can be transferred to the excited
state 1B830* of the B830 BChl a molecules with the rate kB800 = (1 ps)−1 [47].
An LH2 ring carrying a 1B830* state is represented as a red circle with an
additional red ellipse to visualize the 1B830* state. This state is denoted as
|2>=|1B800,1B830*,1Car> as it carries one excitation in the 1B830* state while
the B800 BChl a molecules and the Car molecules are in the ground state. From
state |2> either relaxation into the ground state |1> can occur, corresponding to
fluorescence emission, as depicted by the rate k21 = (730 ps)−1 given by the flu-
orescence lifetime of the B830 bacteriochlorophylls from the experiments of this
thesis, or intersystem crossing can lead to the formation of a triplet excitation
on the carotenoid molecules. An LH2 complex which carries a triplet excita-
tion 3Car* of the carotenoid molecules but no excitation of the B800 and B830
BChl a molecules is denoted as state |3>=|1B800,1B830,3Car*> and is depicted
as a yellow circle with a yellow cross to represent the triplet excitation. Thus,
the rate of intersystem crossing is named k23. Finally, relaxation of the triplet
excitation into the ground state can occur as transition from state |3> to state
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|1> which is represented by the rate k31. The values of the rates k23 = (20 ns)−1

and k31 = (1.2 µs)−1 are taken from the literature [53, 57].

In order to account for the occurrence of excitation annihilation processes within
the LH2 complex of Mch. purpuratum multiple excitations on one LH2 ring have
to be considered. Hence, the excitation of an LH2 complex yet carrying an
electronic excitation has to be included in the model. In principle, both states,
state |2> as well as state |3> of the LH2 complex, shown in red and yellow
color respectively in Fig. 7.1, could be re-excited. However, from the laser re-
petition rates in the experiments of this thesis and the corresponding temporal
separation of the excitation laser pulses it is clear that in principle only LH2 com-
plexes carrying a triplet excitation will be re-excited1. Thus, in order to allow
for re-excitation of LH2 complexes resulting in multiple excitations on one LH2
complex the simplified pictorial representation on the right hand side of Fig. 7.1
is expanded to a larger rate model now representing also multiple electronic ex-
citations per LH2 complex and allowing for excitation annihilation processes as
shown in Fig. 7.2.

Figure 7.2.: Pictorial representation of the transitions between electronic states
of an isolated B830 LH2 complex of Mch. purpuratum: The different electronic
states of the B830 LH2 complex of Mch. purpuratum and the possible transitions be-
tween these states are shown. Different electronic states of the B830 LH2 complex are
coded by color, the small ellipses and crosses attached to the big colored circle represent-
ing the LH2 complex visualize singlet and triplet excitations within the LH2 complex,
respectively. The excitation process of the LH2 complex via the B800 ring of BChl a
molecules is visualized in grey color as before on the right hand side of Fig. 7.1. For
details see text.

1An entire model considering all possible re-excitations is outlined in Appendix G.1.
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7.1. A model for electronic excitations in the LH2 complex upon excitation of
bacteriochlorophylls

As pointed out above, absorption of excitation light results in the creation of
a singlet excitation within the ring of B830 BChl a molecules of the B830 LH2
complex. This transition from the electronic ground state |1> , depicted as a
green circle, to state |2> corresponding to an LH2 complex carrying a singlet
excitation within the ring of B830 BChl a molecules, depicted in red color, al-
ways happens via the |B800> state, visualized in grey. In order to allow for a
simplified visualization the excitation process of the LH2 complex resulting in
the creation of a singlet excitation within the B830 ring BChl a molecules is al-
ways visualized in pale grey color whenever an additional singlet excitation is
created. Hence all the pale grey ellipses denoted as |B800> in Fig. 7.2 refer to
excitation processes of the LH2 complex.

When an LH2 complex in state |3>, already carrying a triplet excitation of
the carotenoid molecules and depicted in yellow color, is excited again, this
results in the formation of a new singlet excitation of the B830 BChl a molecules.
Such an LH2 ring which carries one singlet excitation and one triplet excita-
tion is depicted in Fig. 7.2 as a blue circle hosting a blue ellipse representing
the singlet excitation 1B830* of the B830 molecules and hosting a blue cross
representing the triplet excitation 3Car*. The resulting state is denoted as state
|4>=|1B800,1B830*,3Car*>. Now, starting from state |4> several transitions are
possible. One possible pathway is the transition to state |3>, represented by a
yellow circle with one yellow cross, either upon radiative relaxation under emis-
sion of fluorescence with a rate k43 = k21 or by the occurrence of singlet-triplet
annihilation (STA) with a rate kSTA = 6.3 · 108 s−1, which was identified from the
experiments as outlined in Section 6.3. Alternatively, also intersystem crossing
can take place with the rate k23 resulting in an electronic state of the LH2 com-
plex which carries two triplet excitations, represented as a yellow circle with two
yellow crosses, and which is denoted as state |3’>=|1B800,1B830,3Car*,3Car*>.
The transition from state |3’> to state |3> happens nonradiative with a rate
k3′3 = 2 k31, as both tripet excitation are assumed to decay independently.

Finally, using the model depicted in Fig. 7.2 only a few transition rates, some
taken from the experiments and some from the literature, are needed to allow
for modelling of electronic excitations within the B830 LH2 complex of Mch. pur-
puratum. Simulations using this model soon showed a saturation in population
of the double triplet state |3’>. Thus, the model outlined above and depicted
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7. Modelling of electronic excitations in isolated LH2 complexes of Mch. purpuratum

in Fig. 7.2 is not sufficient for qualitative modelling of the observed kinetics due
to the observed saturation effect. So the rate model needs to be expanded to
higher triplet states, such that an LH2 complex can carry multiple triplet excita-
tions, in order to avoid saturation effects in the numerical simulations. Due to
the recently published structural information of the B830 LH2 complex of Mch.
purpuratum [96] that reports a heptameric ring structure, see also Section 2.5.1,
the rate model in Fig. 7.2 is expanded in order to allow for up to seven triplets
per LH2 complex2, as shown in Fig. 7.3. In order to focus on the expansion of
the rate model the excitation pathway of the B830 LH2 complex via the B800
BChl a molecules, which was discussed in detail before, is now only depicted
schematically in pale grey color for reasons of better visualization.

Figure 7.3.: Expanded pictorial representation of the transitions between elec-
tronic states of an isolated B830 LH2 complex of Mch. purpuratum: The differ-
ent electronic states of the B830 LH2 complex of Mch. purpuratum and the possible
transitions between these states are shown. Different electronic states of the B830 LH2
complex are coded by color, the small ellipses and crosses attached to the big colored circle
representing the LH2 complex visualize singlet and triplet excitations within the LH2
complex, respectively. The excitation process of the LH2 complex via the B800 ring of
BChl a molecules is visualized in grey color as before in Figures 7.1 and 7.2. For details
see text.

In order to allow for easier identification of the different electronic states of the
LH2 complex in the expanded model, in analogy to the smaller model an LH2
complex carrying no singlet excitation but any number of triplet excitations is
always represented by a yellow circle and an LH2 complex carrying one sin-
glet excitation plus any number of triplet excitations is always represented by
a blue circle. On the right end of Fig. 7.3 the states corresponding to an LH2
complex carrying seven triplet excitations, one in each subunit of the LH2 com-
plex, and either none or one singlet excitations on the B830 bacteriochlorophyll a

2Although the structure of the B830 LH2 complex features two carotenoid molecules per
apoprotein subunit of the LH2 complex, here, in order to keep the model as simple as possible
only one carotenoid triplet per apoprotein pair is assumed.
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7.2. Simulated fluorescence transients of the B830 LH2 complex for excitation of
bacteriochlorophylls

molecules are shown as filled circles of yellow and blue color, respectively. For
reasons of simplicity and visualization, these states corresponding to electronic
states of the LH2 complex carrying seven triplets, the number of triplets are not
visualized by crosses anymore. The naming of those higher triplet states is |37′>
and |47′> in analogy to the nomenclature of the states |3> and |4> featuring a
superscript number to indicate the number of triplet excitations.

Concerning the transitions between the different electronic states of the LH2
complex, the black arrows indicate the transitions as outlined in detail above
for the smaller rate mode. The transition rates are mostly adapted from the
smaller rate model shown in Fig. 7.2 with only one exception: The rate for the
triplet relaxation is assumed to depend on the number of triplets carried by one
LH2 complex as triplets are assumed to decay independently. Thus, the triplet
relaxation rates between the electronic states that only contain triplet excitations
are build according to the following principle: k3′3 = 2 k31, k3′′3′ = 3 k31 and so
on, which is also shown in Fig. 7.3.

7.2. Simulated �uorescence transients of the B830

LH2 complex for excitation of

bacteriochlorophylls

In order to test the energy level scheme that was deduced from the measured
fluorescence transients, numerical simulations were performed in collaboration
with Dr. Johannes Förster, University of Bayreuth3. For these simulations the ex-
panded rate model developed in this thesis and outlined above, compare Fig. 7.3,
was used and a dynamic Monte Carlo (DMC) algorithm was implemented by Dr.
Johannes Förster.

In Table 7.1 the input values of the transition rates of the expanded rate model
that is used for the DMC simulations of the fluorescence kinetics of the B830
LH2 complex of Mch. purpuratum are summarized. Among all of the rates for the

3The development of the rate model on basis of the experiments of this thesis was done by
Inga Elvers. The computational implementation of the rate model for the numerical DMC simu-
lations was done by Dr. Johannes Förster. Analysis and evaluation of the simulated transients
was done by Inga Elvers.
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7. Modelling of electronic excitations in isolated LH2 complexes of Mch. purpuratum

simulations, the rate kexc for the excitation of the LH2 complex by absorption of
laser light is calculated from the excitation photon fluence per pulse and squared
centimeter, Jexc, and the absorption cross section σ790 nm of the LH2 complex at
the excitation wavelength of 790 nm for each simulation. The absorption cross
section σ790 nm of the LH2 complex at the excitation wavelength of 790 nm was
determined4 to σ790 nm = 4.6 · 10−15cm2.

transition rate values [s−1] reference
kexc = Jexc σ790 nm

kCT 1.96 · 1010 this thesis

kB800 1 · 1012 [47]

k21 1.37 · 109 this thesis

k23 5 · 107 [53]

k31 8.3 · 105 [57]

kSTA 6.3 · 108 this thesis

Table 7.1.: Input values of the transition rates for the numerical simulations

For each of the excitation parameter combinations of the excitation fluence and
the laser repetition rate for which experiments were performed, also numeri-
cal simulations were performed. In order to allow for comparison, in Fig. 7.4
the normalized fluorescence transients obtained experimentally from the streak
camera measurements and those resulting from the DMC simulations are shown
as a function of the experimental parameters. Analogously to previous tabular
arrangements in this thesis, the different columns in Fig. 7.4 correspond to dif-
ferent excitation photon fluences and different rows correspond to different laser
repetition rates. For each of the excitation parameter combinations the experi-
mentally obtained fluorescence transient, denoted as Decay, and the simulated
fluorescence transient that was convoluted with the experimental IRF for reasons
of comparability, denoted as Simulation, are shown both normalized in one plot.
Below each of the plots, the corresponding residual visualizes the difference of
the experimental curve and the simulated curve.

4From the extinction of one B850 BChl a molecule in the ‘standard‘ LH2 complex of
184·103 L/(mol· cm) [165], the extinction of the B830 BChl a molecules in the LH2 complex
of Mch. purpuratum is approximated by ε830 = 14 · 184 · 103 L/(mol · cm) = 2.6 · 106 L/(mol · cm).
Thus, scaling with the relative absorption at 790 nm (0.46 with respect to the B830 peak) yields
ε790 nm = 1.2 · 106 L/(mol · cm). The absorption cross section can be obtained by the conversion
σ790 nm = ln(10) · ε790 nm/NA, with NA being Avogadro’s number.
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Figure 7.4.: Comparison of experimental and simulated fluorescence transients:
For details see text.
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7. Modelling of electronic excitations in isolated LH2 complexes of Mch. purpuratum

The comparison of the simulated fluorescence transients and those obtained ex-
perimentally in Fig. 7.4 shows qualitative good agreement of the two curves for
almost all of the excitation parameter combinations. The pronounced fluctua-
tions of the otherwise mostly flat residuals located around the maximum in-
tensity of the transient curves can be attributed to the noise of the measured
fluorescence signal. The positive peaking signal of the residual observed for
some excitation parameter combinations and occurring at the almost instanta-
neous rise of the fluorescence signal is attributed to the fact that the simulated
fluorescence transient was convoluted with the experimentally obtained IRF.

Besides the qualitative good agreement of the simulated fluorescence transients
and those resulting from the experiments, see Fig. 7.4, next the kinetics of the
simulated fluorescence transients are analyzed. In analogy to the evaluation of
the experimentally obtained fluorescence transients the phasor approach is ap-
plied to the fluorescence transients resulting from the DMC simulations and a
phasor analysis is performed. Thus, first a biexponential kinetics is assumed for
low laser repetition rates and then it is checked whether the phasors correspond-
ing to fluorescence transients of higher excitation densities, given by the product
of the laser repetition rate and the excitation photon fluence, correspond to this
biexponential kinetics or whether an additional lifetime component is needed5.

For low laser repetition rates a biexponential kinetics with lifetime components
of 712 (+ 19/- 8) ps and 216 (+ 152/- 117) ps is identified6. The lifetime com-
ponent of about 730 ps of the experimentally observed kinetics for excitation
of bacteriochlorophylls is nicely reproduced. Although the fast lifetime com-
ponent, amounting to 216 ps for the simulated transients, appears to be signif-
icantly lager than the experimentally obtained value of 50 ps, considering the
confidence intervals of both values shows that both lifetime values agree within
the limits of their uncertainty and correspond to a fast lifetime of below 100 ps.
Hence, the biexponential kinetics observed for low laser repetition rates in the
experiments is reproduced by the DMC simulations. The results of a phasor
analysis for all simulated fluorescence transients are summarized in Table 7.2
as a function of the excitation parameters. Different columns correspond to

5The detailed phasor analysis is outlined in Appendix G.2.
6The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear

scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C.
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different excitation fluences, increasing from left to right, and different rows
correspond to different laser repetition rates, increasing from top to bottom.

laser repetition excitation fluence photons
pulse·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 712 ps (0.94)
216 ps (0.06)

0.5 712 ps (0.95) 712 ps (0.95)
216 ps (0.05) 216 ps (0.05)

2 712 ps (0.95) 712 ps (0.92)
216 ps (0.05) 216 ps (0.08)

8 712 ps (0.94) 712 ps (0.83)
216 ps (0.06) 216 ps (0.05)

437 ps (0.12)

80 712 ps (0.92) 712 ps (0.81) 712 ps (0.28)
216 ps (0.08) 216 ps (0.05) 216 ps (0.02)

464 ps (0.14) 455 ps (0.71)

Table 7.2.: Lifetime components and their fractional contributions for the multi-
exponential kinetics of simulated fluorescence transients considering excitation
of bacteriochlorophyll pigments

The biexponential kinetics with lifetime components of 712 ps and 216 ps shows
similar fractional contributions for almost all excitation parameter combinations
in Table 7.2. The average of the fractional contributions amounts to 0.93 and 0.07,
respectively, which is in excellent agreement with the experiments, compare Sec-
tion 5.2.3. For high laser repetition rates in combination with high excitation flu-
ence, a third lifetime component in the order of 450 ps is identified in the phasor
analysis. This value is in the same order of magnitude as the values of the
third lifetime components of the experiments, compare Section 5.2.3 and espe-
cially Table 5.6. Whereas the fractional contributions for the excitation parameter
combinations of 8 MHz and an excitation fluence of 1 · 1014 photons/(pulse·cm2)
agrees well with the values resulting from the analysis of the experiments, for the
highest laser repetition rate of 80 MHz a significant difference of the fractional
contributions is observed for the excitation fluences 1 · 1013 photons/(pulse·cm2)
and 1 · 1014 photons/(pulse·cm2) with respect to the experimental data, compare
Table 5.6.
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7. Modelling of electronic excitations in isolated LH2 complexes of Mch. purpuratum

For the current simulation the value of the singlet-triplet annihilation rate kSTA

was determined from the lifetimes resulting from phasor analysis of the exper-
iments, compare Section 6.3. There it was already mentioned that this value is
slightly higher than the value of 1.3 · 108 s−1 reported before for the LH2 complex
of Rps. acidophila [3]. Hence, in the following two refinement approaches for the
simulations are presented considering alternative values for the singlet-triplet
annihilation rate kSTA.

7.3. Re�nement approaches of the DMC

simulations by variation of kSTA

For the DMC simulations described above a value of 6.3 · 108 s−1 was used for
the singlet-triplet annilihation rate kSTA as determined from the experiments
of this thesis. Next, two alternative simulations will be considered, refinement
1, using the value of 1.3 · 108 s−1 reported for STA in LH2 complexes of Rps.
acidophila [3], and a second refinement using a value of 2 · 109 s−1 determined
from simulations of LH2 complexes of Rps. acidophila [69].

Re�nement 1: smaller kSTA

The rate model used for the simulations in this first refinement is identical to
the model outlined before in detail in Section 7.1. Also the number values of the
transitions rates are in principle identical with only one exception, which is the
rate for singlet-triplet annihilation kSTA, which now amounts to 1.3 · 108 s−1 and
is taken from [3].

The refined simulations with a smaller value for kSTA reproduce the experimen-
tal fluorescence transients well as it can be see in the tabular overview in Fig. G.4
in Appendix G.3. Only for the highest excitation density resulting from the com-
bination of a laser repetition rate of 80 MHz and an excitation fluence of 1 · 1014

photons/(pulse·cm2) a difference of the refined simulated curve with respect
to the basic simulation is observable, see Fig. 7.5. The experimental observed
fluorescence transient is plotted in purple and denoted as Decay, whereas the
simulated transient is shown in green color for the basic simulations using the
experimentally determined value for kSTA, denoted as Simulation. In blue color
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the fluorescence transient resulting from the refined simulations using a smaller
value of kSTA = 1.3 · 108 s−1 is shown. As it can be clearly seen, the refined
simulated transient decays slightly slower than both, the fluorescence transient
from the basic simulation as well as the experimental Decay curve in Fig. 7.5.

Figure 7.5.: Comparison of experimental and simulated fluorescence transients
for different values of kSTA in the simulations: For the excitation parameter com-
bination of a laser repetition rate of 80 MHz and an excitation fluence of 1 · 1014

photons/(pulse·cm2), both the experimental and the simulated normalized fluorescence
transients for kSTA determined from the experiments as well as for a smaller value of
kSTA are shown. For details see text.

However, as the overall agreement of the simulated curves and the experimental
fluorescence transients is good, a phasor analysis is performed7. As before, a
biexponential kinetics is assumed for low laser repetition rates and by phasor
analysis the lifetime components of 723 (+ 53/- 14) ps and 325 (+ 183/- 148) ps 8

are identified. Whereas the longer lifetime component is good reproduced with
respect to the experiments, where a value of about 730 ps was observed, the
fast lifetime component of about 50 ps seen in the experiments upon excitation
of bacteriochlorophylls is not reproduced by the simulations. Instead a much
longer lifetime of 325 ps appears in the refined simulations. A third lifetime
component could not be identified at all from phasor analysis of the simulated
transients.

7The details of this phasor analysis are outlined in Appendix G.3.
8The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear

scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C.
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Thus, in total using a smaller value for the singlet-annihilation rate kSTA does
not result in a significant improvement of the numeric DMC simulations of the
fluorescence kinetics of the LH2 complex of Mch. purpuratum with respect to
the basic simulation using a value of kSTA obtained from the experiments in this
thesis, see Section 7.2. Next, an alternative refinement using a higher value for
kSTA in the DMC simulations is tested.

Re�nement 2: higher kSTA

In the second refinement of the simulations the rate model used for the simula-
tions is identical to the model outlined before in detail in Section 7.1. Also the
number values of the transition rates are in principle identical with only one
exception, namely the rate for singlet-triplet annihilation kSTA that is now in-
creased to 2 · 109 s−1 in accordance to a value reported before for simulations on
LH2 complexes from Rps. acidophila [69].

The refined simulations now using a higher value for the singlet-triplet annihi-
lation rate kSTA reproduce the experimental fluorescence transients overall well,
as it can be see in the tabular overview in Fig. G.7 in Appendix G.3, with only
one exception. For the highest excitation density resulting from the combina-
tion of a laser repetition rate of 80 MHz and an excitation fluence of 1 · 1014

photons/(pulse·cm2) a significant difference of the refined simulated curve with
respect to the basic simulation is observable, see Fig. 7.6. The experimental ob-
served fluorescence transient is plotted in purple and denoted as Decay, whereas
the simulated transient from the basic simulations, denoted as Simulation, and
the refined simulations using a higher value of kSTA = 2 · 109 s−1 are shown in
green color and blue color, respectively. It can be clearly seen, that the refined
simulated transient considering a higher value of kSTA decays significantly faster
than both, the fluorescence transient from the basic simulation as well as the ex-
perimental Decay curve.

However, besides this one exception the overall agreement of the simulated
curves and the experimental fluorescence transients is good and a phasor anal-
ysis is performed9. A biexponential kinetics is assumed for low laser repetition

9The details of this phasor analysis are outlined in Appendix G.3.
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rates and the phasor analysis yields lifetime components of 703 (+ 4/- 3) ps and
99 (+ 71/- 61) ps 10. Notably, these two lifetime components reproduce the life-
time values of 730 ps and 50 ps determined from the experiments relatively well,
considering to the tolerance intervals of the distinct values. The quantitative
phasor analysis11 is summarized in Table G.2 in Appendix G.3. A biexpoential
kinetics with on average fractional contributions of 0.96 and 0.04 for the life-
time components of 703 ps and 99 ps, respectively, is observed, which is in good
agreement with the experiments.

Figure 7.6.: Comparison of experimental and simulated fluorescence transients
for different values of kSTA in the simulations: For the excitation parameter com-
bination of a laser repetition rate of 80 MHz and an excitation fluence of 1 · 1014

photons/(pulse·cm2), both the experimental and the simulated normalized fluorescence
transients for kSTA determined from the experiments as well as for a higher value of
kSTA are shown. For details see text.

Moreover, a triexponential kinetics was revealed to be necessary for the combi-
nation of high excitation densities, namely for the excitation parameter combina-
tions of 8 MHz and an excitation fluence of 1 · 1014 photons/(pulse·cm2) as well
as for the combinations 80 MHz and 1 · 1013 photons/(pulse·cm2), and 80 MHz
and 1 · 1014 photons/(pulse·cm2). The third lifetime components for these exci-
tation parameter combinations were identified to amount to 304 ps, 420 ps and
455 ps with fractional contributions of 9%, 10% and 61%, respectively. Notably

10The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also Appendix C.

11The details of this phasor analysis are given in Appendix G.3.
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the lifetime values are smaller than the values of about 500 ps observed in the
phasor analysis of the experiments and also the fractional contributions do not
correspond to the experimental findings. In summary, the refinement of using
a higher value for the singlet-triplet annihilation rate kSTA does not result in
an improvement of the DMC simulations with respect to the basic simulation
outlined above in Section 7.2.

7.4. Summary of the DMC simulations and

outlook on possible further re�nements

Starting point for the modelling of electronic excitations in isolated B830 LH2
complexes of Mch. purpuratum was the finding of an unexpected multiexponen-
tial fluorescence kinetics that was revealed by phasor analysis in Chapter 5. Dis-
cussion of the origin of the up to three lifetime components then allowed for
the proposal of an energy level scheme for the B830 LH2 complex, see Chapter 6
and especially Section 6.5. Subsequently, in order to test this proposed energy
level scheme a rate model was developed on basis of this energy level scheme, in
order to allow for the performance of numerical simulations of the excitation ki-
netics within the B830 LH2 complex by means of a dynamic Monte Carlo (DMC)
algorithm.

First, a simulation taking into account all the kinetic information from the ex-
periments, such as considering the evaluation of all up to three lifetime compo-
nents observed in the experiments, was performed. This basis simulation used
a value of 6.3 · 108 s−1 for the singlet-annihilation rate kSTA. Overall, both the
fluorescence transients as well as the kinetics of the experiments were repro-
duced by this basis simulation in good quality. Comparison of the experimental
and simulated fluorescence transients showed only minor deviations, which are
mostly attributed to noise of the experimental data. Concerning the kinetic eval-
uation of the DMC simulations by a phasor analysis, see Section 7.2, all three
lifetime components observed in the experiments were reproduced and also the
fractional contributions showed good agreement with the experimental kinetics,
except for the highest excitation density, corresponding to the highest laser repe-
tition rate of 80 MHz at highest excitation fluence of 1 · 1014 photons/(pulse·cm2).
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When the value of the singlet-triplet annihilation rate kSTA was determined from
the experimental data it was mentioned that this value is larger than the value
previously reported for the ‘standard‘ LH2 complex from Rps. acidophila [3].
Hence, it was tested whether a variation of the value for the singlet-triplet an-
nihilation rate kSTA influences the results of the DMC simulations significantly.
As a first refinement, a smaller value for kSTA was tested and this showed only
minor influence on the shape of the fluorescence transients but a significant
change of the underlying kinetics was observed. Neither was the biexponential
kinetics observed for low laser repetition rates in the experiments fully repro-
duced, nor could a third lifetime component be identified for high excitation
densities. So in a second refinement, a larger value of the singlet-triplet annihi-
lation rate kSTA was used, as proposed from simulations of LH2 complex from
Rps. acidophila [69]. This refined simulation showed overall good agreement of
the fluorescence transients and the experimental decay curves, except for the
combination of the highest laser repetition rate of 80 MHz and the highest exci-
tation fluence of 1 · 1014 photons/(pulse·cm2). Evaluation of the kinetics of the
simulated transients by phasor analysis then revealed that the multiexponential
kinetics observed in the experiments was overall well reproduced with two ma-
jor exceptions: First, the value of the third lifetime component was identified to
be smaller in this refined simulations with respect to both, the experimental ki-
netics as well as to the kinetics of the basis simulation using the experimentally
obtained value for kSTA. Second, although the fractional contributions of the
distinct lifetimes were reproduced well within the entire data set, for the highest
laser repetition rate a mismatch with respect to the values resulting from the
phasor analysis of the experiments was observed for the excitation fluences of
1 · 1013 photons/(pulse·cm2) and 1 · 1014 photons/(pulse·cm2).

In summary, no significant improvement of the DMC simulations was achieved
by variation of the singlet-triplet annihilation rate kSTA. The best overall agree-
ment of the simulations and the experimental data regarding both, the shapes
of the fluorescence transients and also the fluorescence kinetics, was observed
for the basis DMC simulation considering the entire experimentally observed
kinetic information. Hence, as the only discrepancy between simulations and
experiments concerns the fractional intensity contribution of one excitation para-
meter combination within the entire data set, whereas all other kinetic properties
are reproduced in good accordance, this basis simulation successfully confirms
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the proposed energy level scheme for the LH2 complexes of Mch. purpuratum.

A detailed analysis of the entire simulation data revealed, that the observed
discrepancy between experiment and simulation for the highest excitation den-
sity is likely due to a high number of triplets within the DMC simulations for
these excitation conditions, see Appendix G.4. Nonetheless, although some ad-
ditional refinements of the basis simulation presented here might be needed,
the rate model presented for the DMC simulations in this thesis appears to be
a promising candidate with regard to simulating the situation of electronic ex-
citations within the LH2 complexes of Mch. purpuratum upon excitation of the
bacteriochlorphyll pigments. However, both, a further refinement of the DMC
simulations presented here as well as an adaption of the rate model for the sim-
ulation of the excitation of carotenoids pigments, goes beyond the scope of this
thesis and moreover, gives space for additional considerations and investigations
possibly resulting a complete separate thesis for itself.
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Detergent-isolated LH2 complexes of the purple bacterium Marichromatium pur-
puratum were studied in detergent solution (20 mM HEPES, 0.1% LDAO, pH 7.8)
by time-resolved spectroscopy as a function of the excitation parameters, such
as the excitation photon fluence and the laser repetition rate. Both, excitation of
the incorporated bacteriochlorphyll pigments as well as excitation of carotenoid
pigments was investigated. The aim of the time-resolved experiments was to
investigate the fluorescence kinetics of the light-harvesting complexes and thus
to investigate the kinetics of electronic excitations within the B830 LH2 complex
of Mch. purpuratum.

The fluorescence transients of isolated LH2 complexes of Mch. purpuratum in
detergent-solution were analyzed using the phasor approach for each of the dif-
ferent combinations of the excitation fluence and the laser repetition rate, and
for excitation of either of the two pigments, bacteriochlorophylls or carotenoids,
respectively. The phasor approach was originally formulated for fluorescence
lifetime measurements in the frequency domain and was now adapted to life-
time measurements in the time domain. Recognizing the specific features of the
fluorescence transients that were extracted from time-resolved measurements,
here a procedure for the calculation of the phasor coordinates was developed
including all necessary corrections, such as background correction and correc-
tion for the influence of the instrument response (IRF) function. The special
strength of the phasor approach is that it allows for the analysis of the fluores-
cence kinetics without any a priori knowledge or assumption. Thus, the pha-
sor approach allows for both a qualitative as well as quantitative analysis of the
recorded fluorescence transients taking only into account the measured raw data
and without making any assumption of the underlying kinetics as it is done for
the ‘traditional‘ fitting approach often seen in literature.

Whereas first inspection of the observed fluorescence transients indicated a mo-
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noexponential kinetics, a more detailed analysis using the phasor approach re-
vealed a multiexponential kinetics for all measured fluorescence transients of
the isolated LH2 complexes of Mch. purpuratum. For excitation of bacteriochlo-
rophyll pigments in the near-infrared (NIR) wavelength range, a global biex-
ponential kinetics with lifetime components of 730 ps and 50 ps was revealed.
In addition a third lifetime component of about 500 ps was observed in pha-
sor analysis for high excitation densities, corresponding to the combination of
high excitation fluence and high laser repetition rate. Upon excitation of the
carotenoid pigments in the visible wavelength (VIS) range a biexponential kinet-
ics featuring one lifetime component in the order of 750 ps and one faster lifetime
of or below 100 ps was identified, hence showing almost the same biexponential
kinetics as for bacteriochlorophyll excitation. Notably, no third lifetime compo-
nent was observed for excitation of the carotenoid pigments.

The long fluorescence lifetime component of about 750 ps observed in the experi-
ments is significantly quenched with respect to the usually reported fluorescence
lifetime in the order of 1 ns for isolated LH2 complexes of various species of pur-
ple bacteria [1, 2, 3, 4]. Nonetheless, this lifetime component is attributed to the
fluorescence emission of the B830 bacteriochlorophyll pigments within the LH2
complex of Mch. prupuratum. The fast lifetime component of below 100 ps which
is observed for all excitation conditions is tentatively attributed to the occurrence
of a yet not known or resolved mixed exciton charge-transfer (CT) state within
the B830 LH2 complex of Mch. purpuratum. The occurrence of such mixed exci-
ton CT states in bacterial LH2 complexes is under discussion since years [5, 6, 7]
and is in accordance with the observed shortening of B830 fluorescence lifetime
[8]. The third lifetime component observed exclusively for excitation of bacterio-
chlorophyll pigment at high excitation densities is attributed to the occurrence
of singlet-triplet annihilation (STA) processes.

The identification of the different lifetime components in the multiexponential
kinetics finally allowed for the evolution and proposal of an energy level scheme
for the B830 LH2 complex of Mch. purpuratum. From this proposal of an energy
level scheme, the origin of the difference in the observed fluorescence kinetics
upon excitation of bacteriochlorophylls or carotenoids was discussed. Thus, the
different flow of energy within the LH2 complex upon excitation of the different
pigments results in fundamental different situations such that most likely the
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occurrence of triplet-triplet annihilation results in the difference of the observed
fluorescence kinetics.

In order to test the energy level scheme proposed for the LH2 complex of
Mch. purpuratum numerical simulations using a dynamic Monte Carlo algorithm
were performed, using a rate model based on the newly developed energy level
scheme. A comparison of the fluorescence transients obtained experimentally
and those resulting from the simulations showed an overall good agreement.
Phasor analysis of the simulated fluorescence transients revealed that the mul-
tiexponential kinetics seen in the experiments was reproduced correctly with
respect to the up to three lifetime components. Also the fractional contribu-
tions of the distinct lifetime components were well reproduced, with the only
exception for the highest laser repetition rate. There, although the lifetime com-
ponents were reproduced correctly the fractional contribution did not reproduce
the experimental data. A variation of the value for the singlet-triplet annihilation
rate was not observed to result in an improvement of the numerical simulations.
Overall, the experimentally observed kinetics was reproduced well by the nu-
merical simulations for excitation of the bacteriochlorophyll pigments and thus
confirms the developed energy level for the LH2 complex of Mch. purpuratum.
Hence, the proposed energy level for the B830 LH2 complex of Mch. purpuratum
including the occurrence of a newly identified emissive state, tentatively at-
tributed to a mixed exciton charge-transfer state, can be assumed to be valid.
In summary, a consistent model for the description of the experimental findings
was presented.

The investigation of the fluorescence kinetics of isolated LH2 complexes of Mch.
purpuratum in detergent-solution in this thesis gave new insights into the elec-
tronic structure of this light-harvesting complex. Due to the recently published
structure of the B830 LH2 complex [96] the molecular arrangement of the light-
harvesting pigments was included in the discussion of the experimental findings.
However, the energetic position as well as the molecular origin of the newly pro-
posed mixed exciton charge-transfer state within this LH2 complex are yet not
resolved. Thus, the work presented here might be an interesting starting point
for future work on the B830 LH2 complex of Mch. purpuratum, such as single-
molecule spectroscopy (SMS) or two dimensional spectroscopy on isolated B830
LH2 complexes. Both experimental techniques would allow for a more pre-
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8. Summary and Outlook

cise investigation of the B830 LH2 complex, owing the potential to resolve the
origin of this feature of the electronic structure of the B830 LH2 complex of
Mch. purpuratum and thus continuing the pathway of this thesis.
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A. The photophysics of

carotenoids

The electronic excited states of carotenoids and thus their photophysics are mat-
ter of ongoing research since decades and still under debate until now [73, 133,
134, 135, 136, 137]. Here, the current scientific consensus on the excited states of
carotenoids is summarized in order to allow for their basic understanding.

A.1. Excited states of carotenoids

Besides bacteriochlorophylls the most important natural pigments of bacterial
light harvesting are carotenoids. The naming carotenoids refers to a group of
molecules featuring a conjugated backbone of alternating single (C-C) and dou-
ble (C=C) bonds as the main motif to which different functional groups may be
attached. Depending on the length of the conjugated carbon backbone, given by
the number of alternating single and double bonds, and the type of the func-
tional group as well as their position along the conjugated backbone, different
carotenoids are distinguished [73].

Exemplary a few carotenoids typically incorporated in bacterial peripheral light-
harvesting complexes (LH2) are visualized in Fig. A.1 with their molecular struc-
tures and their corresponding absorption spectra. The molecular structures of
the carotenoids rhodopin glucoside, spheroidene and okenone which are incor-
porated in the LH2 complexes of Rps. acidophila, Rba. spheroides and Marichro-
matium purpuratum, respectively, shown from top to bottom, clearly allow for
identification of the elongated conjugated backbone and the individual attached
sidegroups characterizing the distinct carotenoid. Moreover, all three carote-
noids feature a broad absorption spectrum in the visible wavelength range, rang-
ing mostly between 400 nm and 500 nm, which makes carotenoids ideal counter-
parts to the bacteriochlorophyll pigments in the light harvesting machinery of
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photosynthetic bacteria.

Figure A.1.: Photophysics of carotenoids: The molecular structure formulas and the
characteristic absorption spectra are shown for rhodopin glucoside (top) the carotenoid in
the ‘standard‘ LH2 complex from Rps. acidophila, spheroidene (middle) the carotenoid in
the LH2 complex from Rba. spheroides, and okenone (bottom) the carotenoid incorporated
in the LH2 complex from Marichromatium purpuratum. All absorption spectra refer to
carotenoid molecules in hexane solution and were normalized to the maximum of the
absorption spectrum in order to allow for comparison. Absorption data was taken from
[36, 166, 141]. For details see text.

The electronic excited states of carotenoids can in general be understood using
the three state model known for linear polyenes, resulting from both, spectro-
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scopic investigations as well as symmetry considerations [73, 140, 133]. This ap-
proach originates in the structural similarity of carotenoids and linear polyenes,
which only feature the conjugated backbone of carotenoids without any func-
tional groups attached, and moreover the assumption that the spectroscopic
properties are mainly determined by the conjugated backbone of the molecules.
Thus, the three singlet excited states of carotenoids are named S0, S1 and S2 and
refer to the electronic ground state as well as the first and second excited state,
respectively, as visualized in Fig. A.2.

Figure A.2.: Singlet excited states of carotenoids: The scientific consensus of singlet
excited states of carotenoids is visualized. The electronic ground state is denoted as
S0, the first and second excited singlet states are denoted as S1 and S2, respectively.
Transitions between the electronic states are visualized by arrows. Solid lines correspond
to allowed transitions due to absorption or emission of a photon. Non-radiative downhill
transitions are visualized as arrows with dotted lines. Arrows marked with an bold X
correspond to forbidden transitions. For details see text.

Due to the molecular symmetry of the conjugated backbone the transition be-
tween the electronic ground state S0 and the first excited state S1 is symmetry
forbidden for linear polyenes, the model system for carotenoid molecules, and
thus is not allowed for one-photon absorption processes [133]. Although caro-
tenoids show less molecular symmetry than their ideal counterparts due to the
attachment of functional groups, the optical darkness of the S0 → S1 transition
is commonly accepted [140, 134]. Hence, the lowest optically allowed transition
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from the ground states is the S0 → S2 transition into the second excited state
S2. This transition corresponds to the characteristic absorption bands of caro-
tenoids in the visible region of the electromagnetic spectrum, compare Fig. A.1.
[135, 73, 133]

For carotenoids typically incorporated in bacterial light harvesting complexes,
featuring 9 - 11 conjugated double bonds along their carbon backbone [73, 56],
the excitation energy resulting from the absorption of a photon may relax via
two alternative pathways. It may either relax from S2 non-radiatively to the S1

state or can alternatively relax from S2 radiatively into the ground state S0 un-
der emission of fluorescence, compare Fig. A.2. Fluorescence from the S1 state is
generally not observed for these carotenoids [167].

Besides the above described and most generally accepted three state model of
the singlet excited states of carotenoids a multiple number of other excited states
is at least proposed and partially experimentally proven to occur in carotenoids
[133, 73]. The resulting manifold of excited states of carotenoids will be outlined
below.

A.1.1. The manifold of singlet excited states of carotenoids

At least three additional excited states are proposed to lie lie in the vicinity of the
three singlet excited states of carotenoids S0, S1 and S2 [133]. In Fig. A.3 an en-
ergy level scheme illustrating the manifold of singlet excited states of carotenoid
molecules is visualized. As outlined above, absorption of light in the visible
wavelength range results in excitation of the second excited state S2. Then, be-
sides population of the first excited state S1 via internal conversion, also the dark
states SX or S∗ may alternatively be populated via non-radiative internal conver-
sion processes.

The singlet excited state SX was reported to be formed intermediately in the
non-radiative internal conversion process of the second excited state S2 decays,
thus finally resulting in the first excited state S1 [168]. Moreover, from two-
dimensional electronic spectroscopy (2DES) an involvement of the intermedi-
ate SX state in the energy flow and energy transfer from carotenoids to bacte-
rochlorophylls in bacterial light harvesting complexes was proposed [169].
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Alternatively, also the intermediate state S∗ might be populated by non-radiative,
internal conversion processes from S2, see Fig. A.3. However, especially when
carotenoids incorporated into bacterial light harvesting complexes, the interme-
diate dark state S∗ is proposed to be a precursor of the carotenoid triplet state
[133, 170, 75].

Figure A.3.: Manifold of singlet excited states of carotenoids: An energy level
scheme illustrating current concensus on the manifold of singlet excited states is shown.
Absorption of light (solid arrow) results in excitation of the S2 state, then downhill
relaxations (dashed arrows) results in population the distinct singlet excited states SX,
S∗, S1 and ICT. Adapted from [135]. For details see text.

A distinct group of carotenoids, the so called carbonyl cyarotenoids featuring
a carbonyl sidegroup attached to their conjugated backbone, feature the pos-
sibility of forming and additional, third, dark singlet excited state named ICT
[73, 133, 138, 139]. This naming refers to the formation of an intramolecular
charge transfer states (ICT) and such states are reported to lie energetically close
to or below the first excited state S1. However, although carbonyl carotenoids
may feature such ICT states in their manifold of excited states, not all of them
show spectroscopic signatures of such ICT states indicating their occurrence,
such as the carotenoid okenone incorporated in the LH2 complex of Marichro-
matium purpuratum where no indication of an ICT state is observed [141].
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A.1.2. Triplet excited states

Besides the manifold of singlet excited states carotenoids also feature triplet ex-
cited states in their overall landscape of electronically excited states. As isolated
molecules in solution carotenoids are reported to feature almost negligible triplet
populations due to intersystem crossing yields far below 1% [53, 171, 172, 173].
However, triplet excited states of carotenoids play a crucial role when carote-
noids are embedded in bacterial pigment-protein antenna complexes, such as
the bacterial LH1 and LH2 complexes, where the carotenoid triplet states in
involved in the photoprotective role of carotenoids [72, 58, 60, 59].
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B. Calculations for chapter 4:

'The Phasor Approach'

B.1. The two basic relations of phase �uorometry

A simple two-level system as shown in Fig. 4.2 represents a single exponential
fluorescence decay with lifetime τ and is described by the differential equation

dN
dt

= −k · N + E(t) = −1
τ
· N + E(t) (B.1)

with the decay rate k defined as the inverse lifetime. As the fluorescence emis-
sion F(t) is proportional to the population of the excited state N this equation is
also valid for F(t) instead of N.

d
dt

F(t) = −k · F(t) + E(t) = −1
τ
· F(t) + E(t) (B.2)

Using the definitions of the modulated excitation in the frequency domain

E(t) = E0 + E sin(ωt) (B.3)

and the resulting modulated fluorescence emission

F(t) = F0 + F sin(ωt− φ) (B.4)

with the modulation frequency ω and the phase shift φ one obtains from equa-
tion B.2:

F cos(ωt− φ) ω = −k F0 − k F sin(ωt− φ) + E0 + E sin(ωt) (B.5)

Because this holds at any time, both, the constant terms as well as the time
dependent terms containing cos(ωt) and sin(ωt) must be equal independently.
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From the time independent terms of equation B.5 it follows

E0

F0
= k =

1
τ

(B.6)

which allows to calculate the fluorescence lifetime from the static, unmodulated
amplitudes of excitation and emission.
Using the trigonometric identities

sin(x± y) = sin(x)cos(y)± cos(x)sin(y) (B.7)

cos(x± y) = cos(x)cos(y)∓ sin(x)sin(y) (B.8)

the time dependent parts of equation B.5 can be written as

F [cos(ωt)cos(φ) + sin(ωt)sin(φ)] ω =

− k F [sin(ωt)cos(φ)− cos(ωt)sin(φ)] + E sin(ωt) (B.9)

As already pointed out this is valid at any time. Thus, one obtains for nulling of
the cosine coefficients

F cos(φ) ω = k F sin(φ) (B.10)

By reformulation and using the definition of k = 1/τ this gives the first basic
relation of phase fluorometry

ω

k
=

sin(φ)
cos(φ)

= tan(φ) = ω τ (B.11)

Nulling the sine coefficients yields

F sin(φ) ω = −k cos(φ) + E (B.12)

Multiplication on both sides with cos(φ) leads to

F sin(φ) cos(φ) ω = −k cos2(φ) + E cos(φ) (B.13)

Division on both sides by E and using equation B.11 for substitution of ω leads
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B.2. Calculation of the Fourier transform for a measured decay given by a convolution
of the IRF and the pure decay F

to
F
E

sin(φ) cos(φ)
tan(φ)

τ
= −k

F
E

cos2(φ) + cos(φ) (B.14)

Using the definition of tan(φ) = sin(φ)
cos(φ) and k = 1

τ one obtains

F
E

sin2(φ)
1
τ
= −1

τ

F
E

cos2(φ) + cos(φ) (B.15)

and
F
E

sin2(φ)
1
τ
+

1
τ

F
E

cos2(φ) = cos(φ) (B.16)

which, by using sin2(x) + cos2(x) = 1, can be simplified to

F
E

1
τ

[
sin2(φ) + cos2(φ)

]
=

F
E

1
τ
= cos(φ) (B.17)

Using equation B.6 the second basic relation of phase fluorometry is obtained

F E0

E F0
= m = cos(φ) (B.18)

relating the cosine of the phase shift φ and the modulation ratio m. Using equa-
tion B.11 and the trigonometric identity cos(x) = 1√

1+tan2(x)
this can be reformu-

lated as

m = cos(φ) =
1√

1 + ω2τ2
(B.19)

B.2. Calculation of the Fourier transform for a

measured decay given by a convolution of the

IRF and the pure decay F

The measured fluorescence decay D mathematically corresponds to a convolu-
tion of the IRF and the pure fluorescence decay F

D = IRF ∗ F (B.20)

For measurements in the time domain the phasor coordinates G and S are de-
fined as the real and imaginary parts of the area normalized Fourier transformed
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measured decay D. Thus G[D] and S[D] can be written as

G[D] = Re( F{D} ) = Re( F{IRF ∗ F} ) (B.21)

S[D] = Im( F{D} ) = Im( F{IRF ∗ F} ) (B.22)

According to the convolution theorem the Fourier transform of a convolution
of two functions, exemplarily called f and g, is given by a product of their
individual Fourier transforms:

F{ f ∗ g} = F{ f } · F{g} (B.23)

Using the convolution theorem G[D] and S[D] can be rewritten as

G[D] = Re( F{D} ) = Re( F{IRF ∗ F} ) = Re( F{IRF} · F{F} ) (B.24)

S[D] = Im( F{D} ) = Im( F{IRF ∗ F} ) = Im( F{IRF} · F{F} ) (B.25)

The Fourier transforms of the IRF and the pure fluorescence decay F in general
follow the relation

F{IRF} = Re( F{IRF} ) + i Im( F{IRF} ) = G[IRF] + i S[IRF] (B.26)

F{F} = Re( F{F} ) + i Im( F{F} ) = G[F] + i S[F] (B.27)

Thus, the product of the Fourier transform of the IRF and the Fourier transform
of the pure decay F can be written as

F{IRF} · F{F} = [G[IRF] + i S[IRF]] · [G[F] + i S[F]]

= G[IRF] G[F] + G[IRF] i S[F] + i S[IRF] G[F] + i S[IRF] i S[F]

= G[IRF] G[F] + G[IRF] i S[F] + i S[IRF] G[F] + i2 S[IRF] S[F]

= G[IRF] G[F] + iG[IRF] S[F] + i S[IRF] G[F]− S[IRF] S[F] (B.28)

Finally, for G[D] and S[D] follows from their definition as real and imaginary
parts of the Fourier transform, respectively,

G[D] = Re( F{IRF} · F{F} ) = G[IRF] G[F]− S[IRF] S[F] (B.29)

S[D] = Im( F{IRF} · F{F} ) = G[IRF] S[F] + S[IRF] G[F] (B.30)
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B.3. Calculation of the phasor correction for the

in�uence of the IRF

According to equation 4.30 in Section 4.3.3 the phasor of the pure fluorescence
decay F can be written as[

G[F]
S[F]

]
=

1
mIRF

[
cos(φIRF) sin(φIRF)

−sin(φIRF) cos(φIRF)

] [
G[D]

S[D]

]
(B.31)

By using the basic definition of the phasor coordinates G and S for the terms of
the measured decay D as G[D] = mD · cos(φD) and S[D] = mD · sin(φD) this can
be reformulated as[

G[F]
S[F]

]
=

1
mIRF

[
cos(φIRF) sin(φIRF)

−sin(φIRF) cos(φIRF)

] [
G[D]

S[D]

]
(B.32)

=
mD

mIRF

[
cos(φIRF) sin(φIRF)

−sin(φIRF) cos(φIRF)

] [
cos(φD)

sin(φD)

]
(B.33)

=
mD

mIRF

[
cos(φIRF)cos(φD) + sin(φIRF)sin(φD)

−sin(φIRF)cos(φD) + cos(φIRF)sin(φD)

]
(B.34)

Leaving the matrix formulation leads to separate equations for the phasor coor-
dinates G[F] and S[F] of the pure fluorescence decay F

G[F] =
mD

mIRF
[cos(φIRF)cos(φD) + sin(φIRF)sin(φD)] (B.35)

S[F] =
mD

mIRF
[cos(φIRF)sin(φD)− sin(φIRF)cos(φD)] (B.36)

and using the trigonometric identities

sin(x± y) = sin(x)cos(y)± cos(x)sin(y) (B.37)

cos(x± y) = cos(x)cos(y)∓ sin(x)sin(y) (B.38)

the phasor coordinates G[F] and S[F] can be written as

G[F] =
mD

mIRF
cos(φIRF − φD) (B.39)

S[F] =
mD

mIRF
sin(φD − φIRF) (B.40)
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Using the symmetry of the cosine function, G[F] can be rewritten as

G[F] =
mD

mIRF
cos(φD − φIRF) (B.41)

Thus, one can define the phase shift φF and the modulation ratio mF of the
pure decay F by calculation from the phase shifts and modulation ratios of the
measured decay D and the IRF

φF = φD − φIRF (B.42)

and
mF =

mD

mIRF
(B.43)

This finally allows writing the phasor coordinates G[F] and S[F] of the pure
fluorescence decay F as

G[F] = mF cos(φD) (B.44)

S[F] = mF sin(φD) (B.45)

B.4. Calculation of the third lifetime component

for a triexponential decay resulting from the

expansion of a biexponential decay

From the calculations in Section 4.5.3 the phasor coordinate SC of the yet un-
known phasor C, is accessible by

SC =
AABC SP − Aα SA − Aβ SB

Aγ
(B.46)

Using the relation AABC = Aα + Aβ + Aγ allows rewriting as

SC =
(Aα + Aβ + Aγ) SP − Aα SA − Aβ SB

Aγ
(B.47)

=
Aα SP + Aβ SP + Aγ SP − Aα SA − Aβ SB

Aγ
(B.48)

=
Aα (SP − SA) + Aβ (SP − SB)

Aγ
+ SP (B.49)
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B.4. Calculation of the third lifetime component for a triexponential decay resulting
from the expansion of a biexponential decay

Defining the values SPA and SPB as differences of phasor coordinates

SPA = (SP − SA) (B.50)

and
SPB = (SP − SB) (B.51)

allows rewriting of equation B.49 as

SC =
Aα (SPA) + Aβ (SPB)

Aγ
+ SP (B.52)

As outlined previously at the beginning of Section 4.5.3, for the phasor P it is
assumed that the two contributing lifetimes τ1 and τ2 as well as the ratio R of
their fractional contributions is maintained when expanding the expected bi-
exponential to a triexponential decay. In general, a phasor corresponding to a
triexponential decay lies within a triangle spanned by the phasors of the con-
tributing lifetime components τ1, τ2 and τ3 as visualized in Fig. B.1.

Figure B.1.: Triexponential phasor lying within a triangle: A phasor (purple circle)
corresponding to a triexponential decay lies within a triangle ABC. The triangle is
spanned by the phasors A, B and C (green, blue and red colored circles, respectively)
corresponding to the contributing lifetimes τ1,τ2 and τ3. The phasor P divides the total
area of the big triangle ABC into smaller triangles α, β and γ, colored in green, blue
and red, respectively. For detailed description see text.

The fractional contributions of the three lifetime components τ1, τ2 and τ3 are
given by the partial fractions of the smaller triangles α, β and γ with respect to
the big triangle ABC. Thus, it follows that the ratio R of the fractional contri-
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butions of the two contributing lifetimes components τ1, τ2, adapted from the
biexponential decay, is now given by the ratio of the areas Aα and Aβ of the
smaller triangles α and β

R =
Aα

Aβ
(B.53)

This allows reformulation of equation B.52

SC =
R Aβ SPA + Aβ SPB

Aγ
+ SP (B.54)

= Aβ
R SPA + SPB

Aγ
+ SP (B.55)

= Aβ u0 + SP (B.56)

with
u0 =

R SPA + SPB

Aγ
(B.57)

From the situation of the phasor P, as shown in Fig. B.2, it is clear that both, the
phasor coordinates G and S of the phasors A and B as well as the area Aγ of the
small triangle γ, which is given by the phasors A, B and P, are known.

Figure B.2.: Phasor of a triexponential decay expanded from a biexponential de-
cay: On the left hand side a purple colored phasor clearly lies apart from the straight line
(shown in grey) defining all possible locations of the biexponential decay with contribut-
ing lifetime components τ1 and τ2 represented by the phasors A and B, shown in green
and blue, respectively. Thus, this phasor has to be described by a triexponential decay.
On the right hand side two possible locations of the phasor C, representing the third,
yet unknown contributing lifetime component τ3, are illustrated in red. The triangles
connecting the phasors C with the phasors A and B are illustrated as dotted and dashed
lines, respectively. For detailed description see text.

The area Aγ of the triangle γ can be calculated using the cross product as out-
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lined in Section 4.5.2

Aγ = 0.5 |−→AB×−→AP| = 0.5 (GBA SPA − SBA GPA) (B.58)

Thus, u0 can be written as

u0 =
R SPA + SPB

0.5 (GBA SPA − SBA GPA)
(B.59)

Thus, when Aβ in equation B.52 is known, the phasor coordinate SC can be
calculated. The area Aβ of the triangle β can be calculated by means of the cross
product

Aβ = 0.5 |−→AP×−→AC| = 0.5 (GPA SCA − SPA GCA) (B.60)

The appearing values GPA, SCA, SPA and GCA are defined as the differences of
the corresponding phasor coordinates analogously to equations B.50 and B.51 .
This allows reformulation of equation B.56 as

SC = 0.5 (GPA SCA − SPA GCA) u0 + SP (B.61)

= 0.5 (GPA SC − GPA SA − SPA GC + SPA GA) u0 + SP (B.62)

This equation contains both coordinates of the yet unknown phasor C. Recog-
nizing that the phasor C has to lie on the universal semicircle per definition and
thus its phasor coordinates fulfill the relation S =

√
G(1− G), one obtains an

equation only containing the phasor coordinate GC√
GC(1− GC) =

0.5 (GPA

√
GC(1− GC)− GPA SA − SPA GC + SPA GA) u0 + SP (B.63)

Sorting of terms yields

− 0.5 GPA SA u0 + 0.5 SPA GA u0 + SP =

(1− 0.5 GPA u0)
√

GC(1− GC) + (0.5 SPA u0) GC (B.64)

Introduction of the abbreviations u1, u2 and u3 given by

u1 = −0.5 GPA SA u0 + 0.5 SPA GA u0 + SP (B.65)
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u2 = (1− 0.5 GPA u0) (B.66)

u3 = (0.5 SPA u0) (B.67)

simplifies equation B.64 to

u1 = u2

√
GC(1− GC) + u3 GC (B.68)

This can be easily transformed into a quadratic equation for the phasor coordi-
nate GC

(u2
3 + u2

2) G2
C + (−2u1u3 − u2

2) GC + u2
1 = 0 (B.69)

Solving this equation, one finally obtains the following relation for calculation
of the phasor coordinate GC:

GC1,2 =
−(−2u1u3 − u2

2)±
√
(−2u1u3 − u2

2)
2 − 4 (u2

3 + u2
2) u2

1

2 (u2
3 + u2

2)
(B.70)
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C. Estimation of errors within the

phasor analysis

As phasors are calculated from measured fluorescence transients their positions
within the phasor plot are affected by the uncertainties of the underlying mea-
surements. Thus, the phasor positions within the phasor plot have some uncer-
tainty which can be visualized by error bars. In the following, an estimation for
the errors of the phasor positions as well as the resulting effects of those errors
in the analysis of phasors are discussed.

C.1. Accuracy of phasor positions within the

phasor plot

As already outlined in Chapter 4 the measured fluorescence decay from which
the phasor positions are calculated features a discrete character and corresponds
to a histogram of measured fluorescence intensities. The entry of each histogram
bin corresponds to the number of photons counted by the streak camera within
the respective temporal bin of the histogram. In photon-counting mode of the
streak camera, which was used for all measurements of this thesis, the process
of photon counting is known to follow Poisson statistics [174].

The calculation of the phasors from the measured fluorescence transients, as
outlined in detail in Chapter 4, is performed by calculation of the discrete and
normalized Fourier transform Dn of the intensity histogram that approximates
the measured fluorescence decay curve:

Dn =
∑Nbins−1

k=0 Nk expi n ω(k+ 1
2 )

T
Nbins

∑Nbins−1
k=0 Nk

(C.1)

The summation runs over k counting the bins of the intensity histogram within
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the discrete Fourier transform. Nk is the fluorescence intensity for the kth bin of
the histogram in units of photon counts and Nbins is the total number of bins of
the intensity histogram, as before in Chapter 4. n is the harmonic number of the
transformation and the transformation frequency ω is defined as

ω =
2π

T
(C.2)

with T being the finite temporal length of the detection window.

The phasor coordinates G and S are given by

G(ω) = Re( Dn ) (C.3)

S(ω) = Im( Dn ) (C.4)

as the real and imaginary parts of the discrete and normalized Fourier transform
Dn of the intensity histogram approximating the measured fluorescence decay
curve.

Turning now to the question of the error of the phasor positions, defined by the
phasor coordinates, it is quite clear that Nk as the fluorescence intensity for the
kth bin of the histogram in units of photon counts is the only value within the
calculation of the phasor coordinates that is affected by an uncertainty due to
the measurement. Thus, focusing on the k-dependency of Dn, in brevity Dn can
be written as

Dn =
∑Nbins−1

k=0 Nk exp(k)

∑Nbins−1
k=0 Nk

=
N0 exp(0)

∑Nbins−1
k=0 Nk

+
N1 exp(1)

∑Nbins−1
k=0 Nk

+ ... +
Nbins−1 exp(bins− 1)

∑Nbins−1
k=0 Nk

=
1

∑Nbins−1
k=0 Nk

(
N0 exp(0) + N1 exp(1) + ... + Nbins−1 exp(bins− 1)

)
(C.5)

with exp(k) summarizing the broad exponential factor for simplicity to a simple
dependency on the index k of bins of the intensity histogram.

From the general principle of the propagation of uncertainties it is known that
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C.1. Accuracy of phasor positions within the phasor plot

the error of a function f (x1, x2, x3) that depends on multiple variables x1, x2, x3

is given by

err f (x1,x2,x3) =

√√√√ 3

∑
i=1

( d
dxi

f (x1, x2, x3)
)2
· errxi

2 (C.6)

with errxi being the error of the i-th variable xi.

Adapting this to the discrete and normalized Fourier transform Dn and its k-
dependency it follows that for each k of the summation the derivative d

dNk
Dn

has to be calculated. From equation C.5 it follows that each summand of Dn has
the same shape. Thus, exemplarily the derivative d

dN0
Dn of the first summand is

given by

d
dN0

=
exp(0)

(
∑Nbins−1

k=0 Nk

)
−
(

∑Nbins−1
k=0 Nk exp(k)

)
(

∑Nbins−1
k=0 Nk

)2 (C.7)

In analogy to equation C.6 then the error of Dn can be written as

errDn =

√√√√√√Nbins−1

∑
p=0

( exp(p)
(

∑Nbins−1
k=0 Nk

)
−
(

∑Nbins−1
k=0 Nk exp(k)

)
(

∑Nbins−1
k=0 Nk

)2

)2

· errNp
2

(C.8)
with index p running over all bins of the histogram and errNp =

√
Np resulting

from the Poission statistics of the photon-counting mode.

Finally, the uncertainty of the phasor position are calculated as

errG = Re( errDn ) (C.9)

errS = Im( errDn ) (C.10)

and can be visualized as error bars in the phasor plot. In Fig. C.1 a group of pha-
sors is exemplary show within the phasor plot, including error bars representing
the uncertainties errG and errS of their phasor positions, respectively.
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C. Estimation of errors within the phasor analysis

Figure C.1.: The uncertainty of phasor positions within the phasor plot: A group
of phasors is shown within the phasor plot (cyan colored circles). The uncertainties errG
and errS of their phasor coordinates, resulting from the measured data, are visualized by
error bars of grey color. For details see text.

C.2. Biexponential decays: The accuracy of a

linear �t to multiple phasors

Performing phasor analysis, the phasor coordinates resulting in the phasors po-
sition within the phasor plot are used for investigating the underlying fluores-
cence kinetics. As pointed out in the section before, the phasors positions within
the phasor plot feature some uncertainty which has to be considered when work-
ing with the phasors.

In Section 4.5 the principle of performing a linear fit through a cloud of phasors
for revealing the underlying biexponential decay was presented and discussed
in detail. For recognizing the uncertainties of the phasor positions in both pha-
sor coordinates performing a least-square linear fit is not sufficient. Instead an
orthogonal distance regression (ODR) linear fit has to be performed for taking
into account the errors of both phasor coordinates in the process of revealing
the biexponential kinetics [121, 131]. In Fig. C.2 a group of phasors with their
respective error bars is shown in a phasor plot. The grey line is the fitted line
obtained by an ODR fit through the group of phasors taking into account the
uncertainty of the phasor positions and represents the biexponential decay. The
contributing lifetime components τ1 and τ2 are obtained by calculating the inter-
sections of the fitted line with the universal semicircle, as already introduced in
Chapter 4.
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Figure C.2.: Resolving a biexponential decay by linear fitting: By performing a
orthogonal distance regression (ODR) linear fit through the group of phasors, the un-
derlying biexponential decay can be resolved. The phasors are shown with error bars
representing the uncertainties of the phasor positions within the phasor plot. The inter-
sections of the fitted line with the universal semicircle represent the contributing lifetimes
of the biexponential decay. The grey line through the group of phasors corresponds to the
linear fit, representing the best parameters. The two lines of red and black color corre-
spond to the lines of minimum and maximum slope, respectively, calculated from the fit
parameters and their corresponding uncertainties. Thus, they allow for visualization of
the uncertainty the linear fit. The two zoomed views of the phasors A and B illustrate the
uncertainties ∆plus and ∆minus of the respective lifetime components τ1 and τ2 resulting
from the uncertainty of the linear fit through the group of phasors. For details see text.

The ODR fitting routine for performing the linear fit1 does not only give the best
parameters of the linear fit but also the uncertainties of these best parameters.
From the uncertainties finally, the errors of the two contributing lifetimes of the
biexponential decay can be estimated. This is done by calculating the straight
lines with the minimum and the maximum slope from the fit parameters and
their corresponding uncertainties that go through the cloud of scattered phasors
within the limits of their error bars. These two straight lines of minimum and
maximum slope are represented in red and black color, respectively, in Fig. C.2.
The respective intersections of the two lines with the universal semicircle then
allow for calculation of the corresponding lifetime components. Thus, the uncer-
tainties of the two contributing lifetime components of the biexponential kinetics
underlying the cloud of scattered phasors can be estimated, as visualized in the
zoomed views of the phasors A and B in Fig. C.2. From the nonlinearity of the
scaling of the ruler of lifetimes along the universal semicircle, as introduced in
Chapter 4, in general the obtained uncertainties of the contributing lifetime com-
ponents are asymmetric. Thus, as visualized in the zoomed views in Fig. C.2

1In this thesis the ODR package of Python was used. For details concerning this package see
[175].
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C. Estimation of errors within the phasor analysis

each of the lifetime components τ1 and τ2 features two uncertainties, ∆plus and
∆minus, of their lifetime values. Especially for the region of low lifetimes on the
ruler of lifetimes, even small deviations of the lines with minimum and maxi-
mum slope from the fitted line corresponding to the best parameters can result
in enormous values for the uncertainties of the calculated lifetime component as
the scaling values of the ruler of lifetimes are lying very dense there.
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D. The strength of the phasor

approach

As outlined before in Section 4.6 it is one strength of the phasor approach and
moreover the phasor analysis to resolve multiexponential kinetics featuring at
least one lifetime component contribution only to a very small fraction. This
appendix will emphasize this strength of the phasor approach.

D.1. From fractional contributions to relative

amplitudes of a multiexponential decay

When analyzing fluorescence decay curves often a mathematical description
such as a decay function is needed, in order to allow further analysis of the
observed fluorescence kinetics. In general, a multiexponential decay can be
mathematically written as a sum of exponentials

I(t) = ∑
i

xi exp[− t
τi
] (D.1)

The pre-exponential coefficients xi within the sum correspond to the relative am-
plitudes (∑i xi = 1) of the different exponentials of the multiexponential decay
with lifetime components τi .

Following the ‘traditional‘ pathway of analyzing a measured fluorescence de-
cay by using the fitting routine, both, the amplitudes as well as the lifetime
components, are known such that the mathematical decay function according to
equation D.1 can be easily named. In contrast, using the phasor approach for the
analysis of a measured fluorescence decay as outlined above, only the values of
the contributing lifetime components τi of the multiexponential decay and their
fractional contributions fi are known, see also Sections 4.5.1-4.5.3.
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D. The strength of the phasor approach

For a multiexponential decay according to equation D.1 the fractional contri-
butions fi can be calculated from the relative amplitudes xi and the lifetime
components τi as [127, 107]

fi =
xi τi

∑i xi τi
(D.2)

They correspond to the relative intensity contributions of the lifetime compo-
nents τi to the total measured fluorescence intensity, given by the area below the
fluorescence decay curve. In contrast, the relative amplitudes xi are in principle a
mathematical construction in order to allow for a mathematical description and
writing of a decay function for the measured fluorescence decay. The assignment
of the relative amplitudes to certain physical meanings is in general non-trivial,
as the distinct experimental situation as well as the excited fluorescent sample
has to be taken into account [107]. However, from equation D.2 it follows that
vice versa the relative amplitudes xi can be calculated from the fractional contri-
butions fi. This is done by solving a homogeneous linear system of equations for
the relative amplitudes xi and recognizing moreover the fact, that both, relative
amplitudes as well as fractional contributions, are normalized: ∑i xi = 1 and

∑i fi = 1. Hence, also for measured fluorescence decay curves analyzed with
the phasor approach, in principle a mathematical decay function according to
equation D.1 can be named.

In the analysis and the discussion of measured fluorescence decay curves often
the relative amplitudes of the distinct lifetime components are discussed in terms
of relative contributions of a multiexponential decay. However, in order to allow
for drawing generally valid conclusions instead the fractional contributions of
the lifetime components should be taken into account, as they correspond to the
relative contributions to the total fluorescence intensity. In order to illustrate that
the two parameters, the relative amplitudes and the fractional contributions of
the distinct lifetime components, respectively, may differ significantly for differ-
ent values of the lifetime components, two exemplary cases of a biexponential
decay are compared in Table D.1. Example decay 1 features two lifetime com-
ponents in the same order of magnitude, 850 ps and 1100 ps, whereas example
decay 2 features two lifetime components of different orders of magnitude, 850
ps and 50 ps. Both example decays have equal relative amplitudes of the con-
tributing lifetime components amounting to 0.5, as can be seen in Table D.1.
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Example decay 1 Example decay 2

lifetime values 850 ps 1100 ps 850 ps 50 ps

relative amplitudes 0.5 0.5 0.5 0.5

fractional contributions 0.44 0.56 0.94 0.06

Table D.1.: Illustration of the differences between relative amplitudes and frac-
tional contributions for two example decays with different contributing lifetime
components

From the calculated fractional contributions of the different lifetime components
it can be clearly seen that these values differ significantly for the two exemplary
cases. For example decay 1, featuring two lifetime component in the same or-
der of magnitude, the values of the fractional contributions are almost equal to
the values of the relative amplitudes. Thus, the conclusion drawn from either
considering the relative amplitudes or alternatively the fractional contributions
are almost identical. In contrast, a tremendous difference between the values
of the relative amplitudes and the fractional contributions is observed for the
second exemplary considered decay, featuring contributing lifetime components
that different by an order of magnitude. Hence, it can be easily seen that in this
case it makes a significant difference which of the parameters is considered in
the analysis and discussion of a fluorescence decay.

In conclusion, in order to allow for drawing generally valid conclusions from the
analysis of a measured fluorescence decay, irrespective of the number of lifetime
components and their distinct lifetime values, the fractional contributions of the
distinct lifetime components to the total measured fluorescence intensity should
be considered in the discussion of the observed fluorescence kinetics.

D.2. The strength of phasor analysis

As outlined above, the phasor approach gives direct access to the contributing
lifetime components as well as to their fractional contributions to the total flu-
orescence intensity of a measured fluorescence decay. It allows the resolution
of contributing lifetime components that are not visible from the shape of the
fluorescence decay curve and thus often not recognized via the ‘traditional‘ fit-
ting pathway. In order to illustrate this strength of phasor analysis, we consider
two exemplary cases of a bixeponential decay in the following. First, the case
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of two contributing lifetime components that differ by an order of magnitude
(950 ps and 100 ps) is discussed. Afterwards, a second biexponential decay with
contributing lifetime components in the same order of magnitude (950 ps and
1500 ps) is considered.

In Fig. D.1 the simulated decay curves of a biexponential decay with lifetime
components of 950 ps and 100 ps are shown on the left hand side for different
combinations of the relative amplitudes. On the right hand side the correspond-
ing phasors are shown in a phasor plot.

Figure D.1.: A biexponential decay with contributing lifetime components that
differ by an order of magnitude: On the left hand side the simulated normalized decay
curves of a biexponential decay with lifetime components of 950 ps and 100 ps are shown
in a half logarithmic scaling for different combinations of the relative amplitudes xi. On
the right hand side the corresponding phasors are shown within a phasor plot. A zoomed
view of the phasors is given above. In order to allow for orientation within the phasor
plot a ruler of lifetimes is shown in grey color along the universal semicircle. Different
combinations of the relative amplitudes of the lifetime components are shown color coded.
For details see text.

From the semi-log plot of the simulated1 decay curves on the left hand side it can
be easily seen that the dark blue curve, corresponding to a relative amplitude of

1Decay curves were simulated according to Equation D.1 and convoluted with a gaussian
IRF function. In order to allow for comparison with measured decay curves signal noise was
included in the simulations.
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0.8 for the smaller lifetime component of 100 ps, easily allows for visible identi-
fication of a biexponential decay. The other two decay curves that correspond to
other combinations of the relative amplitudes of the lifetime components, shown
in cyan and light blue color, respectively, do not allow for visual identification of
a second contributing exponential as they have almost linear shapes. In contrast,
the phasor plot on the right hand side of Fig. D.1 clearly allows for identifica-
tion of non-monoexponential kinetics from the corresponding phasors by their
positions within the phasor plot. The phasors corresponding to the different
exemplary considered biexponential decays are all located within the univer-
sal semicircle, thus indicating a multiexponential kinetics. Hence, the phasor
approach and using it for the analysis of measured fluorescence decay curves al-
lows for resolution of a small lifetime component even when it has only a small
amplitude in the decay function and thus has only a small fractional contribu-
tion to the total fluorescence intensity.

The second example mentioned above is a biexponential decay featuring two
lifetime components in the same order of magnitude. In similar manner as
before in Fig. D.1, the simulated decay curves of a biexponential decay with life-
time components of 950 ps and 1500 ps as well as their corresponding phasors
are shown in Fig. D.2. On the left hand side the normalized simulated decay
curves are shown for different combinations of the relative amplitudes, coded
by color. All three decay curves have an almost linear shape within the semi-log
plot and thus do not allow for clear visual identification of a second contributing
lifetime component. On the right hand side the phasors corresponding to the
different simulated decay curves are shown in a phasor plot. As can be seen es-
pecially in the zoomed view of the phasors in Fig. D.2, all three phasors lie close
to but inside the universal semicircle. Their phasor positions clearly indicate
a non-monoexponential kinetics which was not directly visible from the decay
curves themselves. Thus, performing phasor analysis allows for resolution of a
biexponential decay even when the contributing lifetime components are in the
same order of magnitude.
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Figure D.2.: A biexponential decay with contributing lifetime components in the
same order of magnitude: On the left hand side the simulated normalized decay curves
of a biexponential decay with lifetime components of 950 ps and 1500 ps are shown in
a half logarithmic scaling for different combinations of the relative amplitudes xi. On
the right hand side the phasors corresponding to the simulated decay curves are shown
within a phasor plot. A zoomed view of the phasors is given above. In order to allow for
orientation within the phasor plot a ruler of lifetimes is shown in grey color along the
universal semicircle. Different combinations of the relative contributions of the lifetime
components are shown color coded. For details see text.

In conclusion, using the phasor approach for analysis of measured fluorescence
lifetime data allows for identification of multiexponential kinetics without any
apriori knowledge of the underlying kinetics or any implication given by the
visual shape of the fluorescence decay curve. Simply, from the position of a
phasor within the phasor plot the underlying kinetics, given by the contribution
lifetime components as well as their fractional contributions, is revealed.
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E. Supplementary information for

chapter 5: 'Fluorescence

kinetics of isolated B830 LH2

complexes of Marichromatium

purpuratum'

E.1. Inhomogeneity of the �uorescence kinetics

within the datatset of isolated B830 LH2

complexes upon excitation at 790 nm

In Fig. E.1 the phasors of all measured fluorescence transients upon excitation at
790 nm are shown within one phasor plot. Error bars are shown for visualization
of the uncertainty of the phasor positions. For low laser repetition rates the pha-
sors corresponding to the measured fluorescence transients show overlapping
uncertainties of their phasor positions, whereas for increasing laser repetition
rate and increasing excitation fluence a significant shift of the phasor positions
is observed. Moreover, the phasors of the whole data set optically seem to align
on a straight line and thus giving rise to the assumption of a biexponential de-
cay. Performing a linear fit through the cloud of phasors of the whole data set,
as shown in Fig. E.1, yields a biexponential decay with the contributing lifetime
components of 885 ps (+ 66/- 49) ps and 478 ps (+ 31/- 36) ps 1. The fractional
contributions that were calculated from the phasors positions are summarized
in Table E.1 for different combinations of the excitation parameters, the laser
repetition rate and the excitation photon fluence.

1The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also appendix C.
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Figure E.1.: Comparison of phasor positions in the phasor plot: The phasors corre-
sponding to the measured fluorescence transients are shown in a zoomed view of a phasor
plot. The turquoise colored line represents the biexponential kinetics resulting from the
linear fit through the cloud of phasors. The black dots visualize their intersections with
the universal semicircle, corresponding to the phasors of the contributing lifetime com-
ponents. The two grey dots on the universal semicircle counterclockwise correspond to
the values of 0.5 ns and 1 ns on the ruler of lifetimes. Different laser repetition rates are
coded in color, different excitation fluences are coded by symbol. For details see text.

laser repetition excitation fluence photons
pulses·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 885 ps (0.54)
478 ps (0.46)

0.5 885 ps (0.51) 885 ps (0.55)
478 ps (0.49) 478 ps (0.45)

2 885 ps (0.55) 885 ps (0.50)
478 ps (0.45) 478 ps (0.50)

8 885 ps (0.51) 885 ps (0.45)
478 ps (0.49) 478 ps (0.55)

80 885 ps (0.45) 885 ps (0.37) 885 ps (0.39)
478 ps (0.55) 478 ps (0.63) 478 ps (0.61)

Table E.1.: Calculated lifetime components and their fractional contributions
for a global biexponential kinetics of isolated LH2 complexes from Marichro-
matium purpuratum at different excitation parameter combinations

For laser repetition rates below 80 MHz it is clearly seen that the two contribut-
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LH2 complexes upon excitation at 790 nm

ing lifetime components of 885 ps and 478 ps of the biexponential decay show
an almost equal contribution to the observed fluorescence transients. For a laser
repetition rate of 80 MHz this changes to a more pronounced contribution of the
shorter lifetime component of 478 ps of up to 63%.

In order to account for the differences in the phasor positions it is worth having
a more detailed look on the biexponential decay. If the whole data set of phasors,
corresponding to the measured fluorescence transients, follows a biexponential
kinetics, every category of laser repetition rates, namely low, medium and high
laser repetition rates, respectively, should show almost the same two contribut-
ing lifetime components. This can be easily tested by calculating the two con-
tributing lifetimes τlong and τshort of the supposed biexponential decay for each
of the categories of laser repetition rates. The results for the contributing life-
time components of the supposed biexponential decay together with their corre-
sponding uncertainties are summarized in Table E.2 for the different categories
of laser repetition rates. The estimation of the uncertainties was performed as
outlined in the appendix C.

category of laser repetition rates τlong [ps] τshort [ps]

low laser repetition rates 727 (+ 39/- 13) 51 (+ 215/- 140) 2

medium laser repetition rates 788 (+ 16/- 13) 386 (+ 25/- 25)

high laser repetition rates 1300 (+ 324/- 225) 558 (+ 16/- 25)

Table E.2.: Contributing lifetimes τlong and τshort for a supposed biexponential
kinetics at different categories of laser repetition rates

Evidently, the two contributing lifetimes τlong and τshort vary significantly for
the different categories of laser repetition rates. Moreover, none of the differ-
ent subgroups of the data set, corresponding to the different categories of laser
repetition rates, shows an almost similar combination of contributing lifetime
components as the global biexponential decay over the whole data set within
the limits of uncertainties. As a consequence of this, it is concluded that a bi-
exponential kinetics is not sufficient for the description of the whole data set of
phasors.

2The huge values for the uncertainties with respect to the calculated value of the lifetime
component is due to the nonlinear scaling of the ruler of lifetimes along the universal semicircle,
see appendix C for details.

209



E. Supplementary information for chapter 5: ’Fluorescence kinetics of isolated B830
LH2 complexes of Marichromatium purpuratum’

E.2. Fluorescence transients of isolated B830 LH2

complexes upon excitation of carotenoids at

485 nm

Figure E.2.: Observed fluorescence transients of isolated B800 LH2 complexes
upon excitation at 485 nm as a function of the excitation parameters: The nor-
malized fluorescence transients of the isolated LH2 complexes of Mch. purpuratum are
shown in semi-logarithmic scaling as a function of the excitation parameters. Different
rows correspond to different laser repetition rates (increasing from top to bottom). Dif-
ferent columns correspond to different excitation fluences (increasing from left to right).
For details see text.
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E.3. Fluorescence transients of isolated B830 LH2 complexes upon excitation of
carotenoids at 560 nm

E.3. Fluorescence transients of isolated B830 LH2

complexes upon excitation of carotenoids at

560 nm

Figure E.3.: Observed fluorescence transients of isolated B800 LH2 complexes
upon excitation at 560 nm as a function of the excitation parameters: The nor-
malized fluorescence transients of the isolated LH2 complexes of Mch. purpuratum are
shown in semi-logarithmic scaling as a function of the excitation parameters. Different
rows correspond to different laser repetition rates (increasing from top to bottom). Dif-
ferent columns correspond to different excitation fluences (increasing from left to right).
For details see text.
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F. Calculation of triplet

excitations

This appendix refers to the situation of triplet excitations within the LH2 com-
plex of Mch. purpuratum. A single LH2 complex excited by a series of successive
laser pulses is considered and the resulting triplet population within the LH2
complex is of interest.

First, the absorption cross-section of the LH2 complex for excitation of bacteri-
ochlorophylls or carotenoid pigments, respectively, is calculated. The exctinction
of one BChl a molecule in the B850 pool of pigments in the LH2 complex of Rps.
sphaeroides is reported to amount to 184 · 103 L

mol·cm [165] . Using this value we
approximate the extinction of the 14 molecules of BChl a molecules in the B830
ring of the LH2 complex of Mch. purpuratum as

ε830 = 14 · 184 · 103 L
mol · cm

= 2.6 · 106 L
mol · cm

(F.1)

Scaling this number to the relative absorption at 790 nm (scaling by a factor of
0.46 with respect to 830 nm) yields ε790nm = 1.2 · 106 L

mol·cm which is converted to
an absorption cross-section of

σ790nm = ln (10)
ε790nm

NA
= 0.4 · 10−14cm2 (F.2)

where, NA refers to Avogadro’s number.
Analogously, the absorption cross-section for excitation into the carotenoids is
approximated from the extinction coefficient of 134 · 103 L

mol·cm of okenone in the
visible wavelength range [84, 141], which results in a value of

σokenone = 0.7 · 10−14cm2 (F.3)
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Using these numbers for the absorption cross-sections we can estimate the aver-
age triplet population on a single LH2 complex as a function of the number of
preceeding excitation pulses. First, we calculate the number of absorbed photons
per pulse and per LH2 complex, nabs, via

nabs =
Pavg

hν
· ∆trep ·

σLH2

A f ocus
=

Pavg

hc/λ
· ∆trep ·

σLH2

A f ocus
(F.4)

Here Pavg denotes the time-averaged power of the excitation laser, hν refers to
the photon energy at frequency ν (respectively hc/λ refers the photon energy
at wavelength λ), ∆trep is the temporal separation of subsequent excitation laser
pulses, given by the inverse of the laser repetition rate, σLH2 refers to the ab-
sorption cross-section at the particular wavelength, and A f ocus corresponds to
the size of the focus that amounted to 1.65 · 10−6cm2 for excitation at 790 nm,
and to 1.91 · 10−9cm2 for excitation into the carotenoid absorption band. From
these numbers we obtain the number of absorbed photons per pulse and per
LH2 complex as summarized in Table F.1.

Excitation Average laser Excitation fluence nabs absorbed
wavelength (nm) power (W) (photons/(pulse · cm2) photons per pulse

and complex

790 nm 0.16 · 10−3 5 · 1012 0.035
0.6 · 10−3 1 · 1013 0.073
6 · 10−3 1 · 1014 0.73

485 nm/ 560 nm 0.16 · 10−6 5 · 1012 0.055
0.56 · 10−6 1 · 1013 0.11
1.56 · 10−6 5 · 1013 0.55
5.6 · 10−6 1 · 1014 1.1

Table F.1.: Calculated number of absorbed photons per pulse per complex for dif-
ferent excitation conditions. The averaged excitation laser power values refer
to experiments performed at highest repetition rates, such as 80 MHz for excita-
tion of bacteriochlorophylls ( 790 nm), and 40 MHz for excitation of carotenoids
(485 nm / 560 nm.)

As discussed in Section 6.6 the triplet quantum yields Φtriplet for populating the
3Car* state in the LH2 complex of Mch. purpuratum amount to about 0.63 % for
excitation into the B800 band and to about 5.5 % for excitation into the carotenoid
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absorption band. Hence, after the first laser pulse the population of the 3Car*
state amounts to n1 = nabs · φtriplet and decays with a rate ktriplet=1.2 µs−1 to the
ground state [57]. The averaged population of the 3Car* triplet state prior to the
second laser pulse is therefore

n1 · exp[−∆trep · ktriplet] (F.5)

Thus, after the second laser pulse the triplet population of the 3Car* state is
given by

n2 = n1 · exp[−∆trep · ktriplet + nabs ·Φtriplet (F.6)

and successive excitations lead to the accumulation of population in the 3Car*
state, that amounts to

ni =
i

∑
j=1

nabsφtriplet(exp[−∆trep · ktriplet])
j−1 (F.7)

after the i-th pulse.

Examples for the evolution of the triplet population in the LH2 complex, cor-
responding to the number of triplet excitations per LH2 complex, as a function
of the number of excitation pulses are shown in Section 6.6 in Fig. 6.8 for ex-
citation of both pigments at high excitation densities. The saturation time is
mainly determined by the ratio of ∆trep, the temporal separation of successive
laser pulses, and the carotenoid triplet lifetime τtriplet, whereas the number of
absorbed photons per pulse, see Table F.1 in combination with the value of the
triplet quantum yield φtriplet determines the saturation value of the steady state
triplet population. An overview of the steady state triplet populations for the
different combinations of the laser repetition rate and the excitation photon flu-
ences are given in Tables F.2 and F.3 for excitation of bacteriochlorophylls and
carotenoid pigments, respectively.
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F. Calculation of triplet excitations

Laser repetition Excitation fluence Accumulation time
rate (MHz) (photons/(pulse · cm2)) (no. of pulses / time)

5 · 1012 1 · 1013 1 · 1014

0.05 0

0.5 0 0

2 0 0

8 0 0.05 60 pulses / 7.5 µs

80 0 0.04 0.44 500 pulses / 6.25 µs

Table F.2.: Steady-state triplet population for excitation into the B800 manifold.

Laser repetition Excitation fluence Accumulation time
rate (MHz) (photons/(pulse · cm2)) (no. of pulses / time)

5 · 1012 1 · 1013 5 · 1013 1 · 1014

0.5 0 0

1 0 0 0

2 0 0 0.18

8 0 0 0.3 0.62 60 pulses / 7.5 µs

20 0 0.15 0.74 1.49 150 pulses/ 7.5 µs

40 0.15 0.3 1.46 2.96 200 pulses/ 5 µs

Table F.3.: Steady-state triplet population for excitation into the carotenoids.

In the next step it is considered that the values of the steady state triplet pop-
ulations given in the two tables above corresponds to the expectation value of
a Poisson distribution. Thus, it is possible to determine the probability that an
LH2 complex carries k triplets via

Pλ(k) =
λk

k!
e−λ (F.8)

where λ denotes the expectation value of the Poisson distribution.

In Table F.4 the situation of triplets is considered for the highest excitation den-
sity, corresponding ton the combination of highest laser repetition rate and high-
est excitation fluence, for excitation of bacteriochlorophylls on the left hand side
and excitation of carotenoid pigments on the right hand side. For both exci-
tation situations the probability of finding one, two, three or even four triplets
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is summarized as calculated from Equation F.8. Whereas for excitation of bac-
teriochlorophylls the probability of finding more than one triplet excitation per
LH2 ring is about 7%, for excitation of the carotenoid pigments it appears to
be highly probably (62%) that multiple triplet excitations may exist on one LH2
ring.

Next, it is taken into account that triplets have to be located on adjacent carote-
noids in order to allow for triplet-triplet annihilation (TTA). Thus, by considering
the fraction of adjacent located triplet excitations of all possible arrangements of
triplets on a ring with 14 possible triplet locations, resulting from the 14 carote-
noids molecules within the B830 LH2 complex, the probabilities P(2), P(3) and
P(4) reduce by factors of 0.1538, 0.4679 and 0.1043, respectively, from consider-
ations of combinatorics. Hence, accumulating the weighted probabilities then
yields the overall probabilities of 0.013 and 0.157 for finding adjacently arranged
triplet excitations within the LH2 complex from Mch. purpuratum upon excita-
tion of bacteriochlorophyll or carotenoid pigments, respectively.

Excitation of BChl Excitation of Car

λ = 0.44 λ = 2.96

Probability of Accumulated Probability of Accumulated
finding k triplets probability for finding k triplets probability for

P(k) adjacent triplets P(k) adjacent triplets

P(1) 0.28 0 P(1) 0.15 0

P(2) 0.06 P(2) 0.23
P(3) 0.009 0.013 P(3) 0.22 0.157
P(4) 1 · 10−3 P(4) 0.17

Table F.4.: Probabilities for finding different numbers of triplet excitations on an
LH2 complex upon excitation of bacteriochlorphyll or carotenoid.

From considerations on TTA before, see Sections 6.2 and 6.6 it is clear that the oc-
currence of TTA requires triplet excitations to be located on adjacent carotenoid
molecules within the LH2 complex. Hence, the probability for the occurrence of
TTA is proportional to the accumulated probability values for triplets located on
adjacent carotenoid molecules given in Table F.4 and thus the accumulated prob-
abilities for adjacent triplet arrangement within an LH2 complex can be treated
as an upper limit for the probability of TTA occurrence in the LH2 complex of
Mch. purpuratum.
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G. Supplementary information for

chapter 7: 'Modelling of

electronic excitations in

isolated LH2 complexes of

Mch. purpuratum'

This appendix gives additional information on the dynamical Monte-Carlo si-
mulations outlined in Chapter 7. First, a rate model considering all possible
re-excitations of an LH2 complex yet carring an electronic excitations is consid-
ered. Then, the additional information concerning the simulated fluorescence
transients are given. Both, the basis simulation as well as the refined simulations
by variation of the singlet-triplet annihilation rate are discussed for excitation of
the bacteriochlorophyll pigments within the LH2 complex. Finally, the situation
of triplet excitations in the basis simulations using the experimentally obtained
value for the singlet-triplet annihilation rate is discussed.

G.1. A rate model considering re-excitation of an

LH2 complex

A basis rate model for the electronic states of an LH2 complex upon excitation
of bacteriochlorophylls was developed in Section 7.1 and is shown in Fig. 7.1.
Hence, in order to consider excitation annihilation processes within the DMC
simulations, the possibility of multiple excitations on one LH2 complex must be
included in the simulations. Thus, the re-excitation, namely the excitation of an
LH2 complex yet carrying an excitation, has to be included in the rate model for
the simulations.
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G. Supplementary information for chapter 7: ’Modelling of electronic excitations in
isolated LH2 complexes of Mch. purpuratum’

An expanded rate model for the excitation of an LH2 complex is presented, now
including the possibility that both, either an LH2 complex in state |2> carrying
a singlet excitation as well as an LH2 complex in state |3> yet carring a triplet
excitation may be re-excited by another excitation laser pulse. This allows for
the occurrence of multiple excitations on one LH2 complex and thus allowing
for the occurrence of excitation annihilation processes. Hence, the simplified
pictorial representation on the right hand side of Fig. 7.1 is expanded to a larger
rate model representing now also multiple excitation on one LH2 complex, see
Fig. G.1, and allows for the occurrence of excitation annihilation processes within
the LH2 complex.

Figure G.1.: Pictorial representation of the transitions between electronic states
of an isolated LH2 complex of the B830 LH2 complex of Mch. purpuratum: The
different electronic states of the B830 LH2 complex of Mch. purpuratum and the possible
transitions between these states are shown. Different electronic states of the B830 LH2
complex are coded by color, the small ellipses and crosses attached to the big colored circle
representing the LH2 complex visualize singlet and triplet excitations within the LH2
complex, respectively. The excitation process of the LH2 complex via the B800 ring of
BChl a molecules is visualized in grey color as before on the right hand side of Fig. 7.1.
For details see text.

As pointed out before, absorption of excitation light results in the creation of a
singlet excitation within the ring of B830 BChl a molecules of the B830 LH2 com-
plex. This transition from the electronic ground state |1> , depicted as a green
circle, to state |2> corresponding to an LH2 complex carring a singlet excitation
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G.1. A rate model considering re-excitation of an LH2 complex

within the ring of B830 BChl a molecules, depicted in red color, always happens
via the |B800> state, visualized in grey. In order to allow for a simplified visu-
alization the excitation process of the LH2 complex resulting in the creation of a
singlet excitation within the B830 ring BChl a molecules is always visualized in
pale grey color whenever an additional singlet excitation is created. Hence all
the pale grey ellipses denoted as |B800> in Fig. G.1 refer to excitation processes
of the LH2 complex.

When an LH2 complex in state |2>, that carries a singlet excitation of the B830
molecules, is excited again this results in two singlet excitations of the B830 ring
of BChl a molecules. Such an LH2 ring which carries two singlet excitations is
depicted in Fig. G.1 as an orange circle with two orange ellipses representing
the two excited states and is denoted as state |5>=|1B800,1B830*,1B830*,3Car>.
Relaxation from state |5> to state |2> may happen under emission of fluores-
cence with a rate1 k52 = 2 k21 or by singlet-singlet-annhiliation (SSA) as depicted
by the rate kSSA = (1 ps)−1 which is taken from literature [61]. Alternatively
the energy of state |5> can be transferred to state |4> by intersystem crossing
with a rate k54 = 2 k23 which results in the formation of a triplet state on one of
the carotenoid molecules. The resulting state |4>=|1B800,1B830*,3Car*> is rep-
resented as a blue circle hosting a blue ellipse representing the singlet excitation
1B830* of the B830 molecules and hosting a blue cross representing the triplet
excitation 3Car*.

Now, starting from state |4> several transitions are possible. One possible path-
way is the transition to state |3>, represented by a yellow circle with one yellow
cross, either upon radiative relaxation under emission of fluorescence with a
rate k43 = k21 or by the occurrence of singlet-triplet annihilation (STA) with a
rate kSTA = 6.3 · 108 s−1, which was identified from the experiments as outlined
in Section 6.3. Alternatively also intersystem crossing can take place with the
rate k23 resulting in an electronic state of the LH2 complex which carries two
triplet excitations, represented as a yellow circle with two yellow crosses, and
which is denoted as state |3’>=|1B800,1B830,3Car*,3Car*>. As a third possi-
bility, state |4> can receive another singlet excitation upon further excitation
which results in an electronic state of the LH2 complex which carries two singlet

1At room temperature both excited singlet excited states of state |5> can decay indepen-
dently [69].
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isolated LH2 complexes of Mch. purpuratum’

excitations and one triplet excitation. Such an LH2 complex is depicted by a
purple circle hosting two purple ellipses representing the two 1B830* singlet ex-
citations and the one 3Car* triplet excitation and this state is referred to as state
|6>=|1B800,1B830*,1B830*,3Car*>. For the transition from state |6> to state |4>
there are three possibilities: radiative relaxation under emission of fluorescence
with a rate k64 = 2 k21 or alternatively either SSA or STA might occur with the
rates kSSA,64 = kSSA and kSTA,64 = 2 kSTA, respectively. Via intersystem crossing
also the transition from state |6> to a state |4’>=|1B800,1B830*,3Car*,3Car*> can
occur with a rate k64′ = 2 k23, resulting in a electronic state of the LH2 complex
that carries one singlet 1B830* and two 3Car* triplet excitations, represented as
a blue circle hosting one blue ellipse and two blue crosses visualizing the one
singlet and the two triplet excitations, respectively. The relaxation from state
|4’> to state |3’> can occur either radiative with a rate k4′3′ = k21 or by the
occurrence of STA with a rate kSTA,4′3′ = 2 kSTA. The transition from state |3’>
to state |3> happens nonradiative with a rate k3′3 = 2 k31.

Using the model depicted in Fig. G.1 then only a few transition rates, some taken
from the experiments and some from literature, are needed to allow for mod-
elling of the electronic excitations within the B830 LH2 complex of Mch. purpu-
ratum. Such simulations showed a saturation in population of the higher triplet
states, such as states |3’> and |4’>. Hence, regarding the number of possible
triplet excitations on one LH2 complex the rate model outlined above is not suf-
ficient and has to be expanded. In addition, in the simulations the excitation of
an LH2 complex in state |2> was only negligibly observed in the simulations2

and re-excitation of an LH2 complex in state |4> never occurred. This finding
is in accordance with the estimations on basis of the laser repetition rates in
the experiments in Section 7.1 and hence it is not necessary to include the re-
excitations of these two states in the rate model for the DMC simulations and a
simplified rate model neglecting these re-excitations, as outlined in Section 7.1,
is sufficient.

2Only 2 of 108 simulated excitation processes were excitations of an LH2 complex in state
|2>.
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G.2. Kinetic evaluation of the simulated fluorescence transients (basis simulation,
kSTA from experiments)

G.2. Kinetic evaluation of the simulated

�uorescence transients (basis simulation, kSTA

from experiments)

The simulated fluorescence transients shown in Fig. 7.4 are now analyzed us-
ing the phasor approach, which was outlined in detail in Chapter 4. Hence,
phasor were calculated from the simulated transients analogously to the proce-
dure performed for the fluorescence transients obtained from the experiments.
In Fig. G.2 the phasors calculated from the simulated transients are shown in a
zoomed view of the phasor plot. Notably all phasor are located inside the uni-
versal semicircle, thus indicating a multiexponential kinetics. Next, a detailed
phasor analysis is performed. In analogy to the procedure of phasor analysis
of the experimental data, first a biexponential kinetics is assumed for the pha-
sors corresponding to low laser repetition rates. Then it is checked whether the
phasors corresponding to higher laser repetition rates correspond to this biex-
ponential kinetics or an additional time constant is necessary for description of
the underlying kinetics.

Figure G.2.: Phasor plot illustrating the phasors calculated from the simulated
transients: The phasors that were calculated from the simulated fluorescence transients
in Fig. 7.4 are shown in a zoomed view of the phasor plot. Different laser repetition rate
are coded by color, different excitation fluence are indicated by different symbols. For
details see text.

Performing a linear fit to the phasors at low laser repetition rates yields lifetime
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isolated LH2 complexes of Mch. purpuratum’

components of 712 (+ 19/- 8) ps and 216 (+ 152/- 117) ps 3 from the intersections
with the universal semicircle as can be seen in Fig. G.3a. The turquoise line
corresponds to the linear fit, the lines of pale grey and pale red color visualize
the tolerance interval of the linear fit and correspond to the lines of minimum
and maximum slope of the fit parameters, respectively.

(a) low laser repetition rates (b) repetition rate 2 MHz

(c) repetition rate 8 MHz (d) repetition rate 80 MHz

Figure G.3.: Phasor plots for analysis of the phasor calculated from the simu-
lated fluorescence transients: The phasors calculated from simulate fluorescence tran-
sients shown in Fig. 7.4 are visualized in separate phasor plots for the laser repetition
rates of 0.05 MHz and 0.5 MHz (a), 2 MHz (b), 8 MHz (c) and 80 MHz (d), respec-
tively. For the laser repetition rates 0.05 MHz and 0.5 MHz in a an non zoomed view
of the phasor plot is shown including a ruler of lifetimes along the universal semicircle
(grey circles) counterclockwise denoting the values 0 ns, 0.1 ns, 0.2 ns, 0.5 ns, 1 ns, 2 ns,
5 ns and 10 ns, respectively. The other subfigures (b,c,d) show zoomed views of the pha-
sor plot. Different laser repetition rates are coded by color, different excitation fluence
are coded by different phasor symbols. For details see text.

Next, for the other laser repetition rates 2 MHz, 8 MHz and 80 MHz it is checked
whether they correspond to this biexponential kinetics by evaluation of the pha-

3The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also appendix C.
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G.2. Kinetic evaluation of the simulated fluorescence transients (basis simulation,
kSTA from experiments)

sor positions with respect to the colored lines representing the biexponential
kinetics. However this is not as easy as for the experimental data due to the fact
that the uncertainty of the phasor positions is very small for the simulated tran-
sients4. Hence, the outer limits of the phasor symbols are used for estimation
of the uncertainty of the phasor positions in the following evaluation of pha-
sor positions. From Figures G.3c and G.3d it is visible that for a laser repetition
rate of 8 MHz and an excitation fluence of 1 · 1014 photons/(pulse·cm2) a third
lifetime component is likely necessary as well as for a laser repetition rate of
80 MHz and an excitation fluence of 1 · 1013 photons/(pulse·cm2) as their phasor
symbols, green colored diamond in Fig. G.3c and magenta colored circle symbol
in G.3d, only touch the red line within the figures, thus lying almost outside the
tolerance interval of the biexponential kinetics and thus indicating a likely third
lifetime component.

In contrast, for the situation of a laser repetition rate of 80 MHz in combination
with an excitation fluence, the corresponding phasor illustrated by a magenta
colored diamond symbol in Fig. G.3d clearly lies apart from the colored lines
representing the biexponential kinetics and its tolerance interval. Hence, a triex-
ponential kinetics is necessary for this combination of excitation parameters. For
all other excitation parameter combinations a biexponential kinetics is sufficient,
as the phasor symbols clearly lie inside within the tolerance interval of the biex-
ponential fit, spanned by the pale grey and pale red lines. Table G.1 summarizes
the qualitative results of the phasor analysis.

laser repetition excitation fluence photons
pulses·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 biexponential

0.5 biexponential biexponential

2 biexponential biexponential

8 biexponential triexponential

80 biexponential triexponential triexponential

4From Fig. 7.4 it is clearly visible that the simulated transients feature a smooth shape and
thus calculation of the error of the phasor positions as outlined in appendix C results in infinites-
imal values for the uncertainty of the phasor position.
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Table G.1.: Lifetime components and their fractional contributions for the multi-
exponential kinetics of simulated fluorescence transients considering excitation
of bacteriochlorophyll pigments

A quantitative overview of the biexponential or triexponential kinetics, respec-
tively, summarizing the fluorescence lifetime components as well as their calcu-
lated fractional intensity contributions is given in Table 7.2 in Section 7.2.

G.3. Re�nement approaches by variation of kSTA

Two refined simulations using alternative values for the singlet-annihilation rate
kSTA but being apart of this completely identical to the basic simulation are
presented.

Re�nement 1: smaller kSTA

This refinement refers to a value of 1.3 · 108 s−1 for the singlet-triplet annihilation
rate kSTA, which was reported for LH2 complexes of Rps. acidophila [3].

An overview of the simulated fluorescence transients in comparison to the tran-
sients obtained in the experiments are shown in Fig. G.4. Analogously to pre-
vious tabular arrangements in this thesis, the different columns correspond to
different excitation photon fluences and different rows correspond to different
laser repetition rates. For each of the excitation parameter combinations the
experimentally obtained fluorescence transient, denoted as Decay, and the sim-
ulated fluorescence transient that was convoluted with the experimental IRF for
reasons of comparability, denoted as Simulation, are shown both normalized
in one plot. Below each of the plots, the corresponding residual visualizes the
difference of the experimental curve and the simulated curve. Although overall
good agreement of the two curves is observed, for high excitation densities small
discrepancies are observed.
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G.3. Refinement approaches by variation of kSTA

Figure G.4.: Comparison of experimental and simulated fluorescence transients:
Refinement 1 For details see text.
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Next, a phasor analysis is performed in order to analyze the kinetics of the sim-
ulated fluorescence transients. As outlined before for the phasor analysis of the
basic simulation using the experimental value for the singlet-triplet annihilation
rate, the phasors were calculated from the simulated transients and the position
of the phasors within the phasor plot is analyzed. Notably all phasor are located
inside the universal semicircle, thus indicating a multiexponential kinetics.

Figure G.5.: Phasor plot illustrating the phasors calculated from the simulated
transients: The phasors that were calculated from the simulated fluorescence transients
in Fig. G.4 are shown in a zoomed view of the phasor plot. Different laser repetition rate
are coded by color, different excitation fluence are indicated by different symbols. For
details see text.

Now, a detailed phasor analysis is performed. In analogy to the procedure of
phasor analysis of the experimental data, first a biexponential kinetics is as-
sumed for the phasors corresponding to low laser repetition rates. Then it is
checked whether the phasors corresponding to higher laser repetition rates cor-
respond to this biexponential kinetics or an additional time constant is necessary
for description of the underlying kinetics.

Performing a linear fit to the phasors at low laser repetition rates yields lifetime
components of 723 (+ 53/- 14) ps and 325 (+ 183/- 148) ps 5 from the intersections
with the universal semicircle as can be seen in Fig. G.6a. The turquoise line
corresponds to the linear fit, the lines of pale grey and pale red color visualize
the tolerance interval of the linear fit and correspond to the lines of minimum

5The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also appendix C.
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and maximum slope of the fit parameters, respectively.

(a) low laser repetition rates (b) repetition rate 2 MHz

(c) repetition rate 8 MHz (d) repetition rate 80 MHz

Figure G.6.: Phasor plots for analysis of the phasor calculated from the simu-
lated fluorescence transients (Refinement 1: smaller kSTA: The phasors calculated
from simulate fluorescence transients shown in Fig. G.4 are visualized in separate phasor
plots for the laser repetition rates of 0.05 MHz and 0.5 MHz (a), 2 MHz (b), 8 MHz (c)
and 80 MHz (d), respectively. For the laser repetition rates 0.05 MHz and 0.5 MHz in
(a) a non zoomed view of the phasor plot is shown including a ruler of lifetimes along
the universal semicircle (grey circles) counterclockwise denoting the values 0 ns, 0.1 ns,
0.2 ns, 0.5 ns, 1 ns, 2 ns, 5 ns and 10 ns, respectively. The other subfigures (b,c,d) show
zoomed views of the phasor plot. Different laser repetition rates are coded by color, dif-
ferent excitation fluence are coded by different phasor symbols. For details see text.

From the subfigures G.6b, G.6c and G.6d it is clearly visible that all the phasors
overlap with the tolerance interval of the biexponential kinetics spanned by the
colored lines6. Hence a bixpoential kinetics is sufficient for the entire dataset.

6As outlined before in Section G.2 the outer limits of the phasor symbols are used for esti-
mation of the uncertainty of the phasor positions.
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Re�nement 2: higher kSTA

This refinement refers to a higher value for the singlet-triplet annihilation rate
kSTA and for the simulations a value of 2 · 109 s−1 was used, as reported by si-
mulations on LH2 complexes from Rps. acidophila before [69].

In Fig. G.7 an overview of the simulated fluorescence transients is given in com-
parison to the transients obtained in the experiments. In analogy to previous
tabular arrangements in this thesis, the different columns correspond to differ-
ent excitation photon fluences and different rows correspond to different laser
repetition rates. For each of the excitation parameter combinations the experi-
mentally obtained fluorescence transient, denoted as Decay, and the simulated
fluorescence transient that was convoluted with the experimental IRF for reasons
of comparability, denoted as Simulation, are shown both normalized in one plot.
Below each of the plots, the corresponding residual visualizes the difference of
the experimental curve and the simulated curve. Overall good agreement of
the two curves is observed except for the excitation parameter combination of
highest laser repetition rate of 80 MHz and highest excitation fluence of 1 · 1014

photons/(pulse·cm2). There the simulated fluorescence transients decays much
faster than the experimental curve.

Next, a detailed phasor analysis is performed in order to investigate the kinetics
of the simulated transients. First a biexponential kinetics is assumed for the
phasors corresponding to low laser repetition rates in analogy to the phasor
analysis of the experimental data. Then in the second step it is checked whether
the phasors corresponding to higher laser repetition rates correspond to this
biexponential kinetics or an additional time constant is necessary for description
of the underlying kinetics.
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Figure G.7.: Comparison of experimental and simulated fluorescence transients:
Refinement 2 For details see text.
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In a first qualitative analysis, all the phasors calculated from the simulated tran-
sients are visualized within one phasor plot, see Fig. G.8. As all phasor are
clearly located within the universal semicircle a multiexponential kinetics is in-
dicated.

Figure G.8.: Phasor plot illustrating the phasors calculated from the simulated
transients: The phasors that were calculated from the simulated fluorescence transients
in Fig. G.7 are shown in a zoomed view of the phasor plot. Different laser repetition rate
are coded by color, different excitation fluence are indicated by different symbols. For
details see text.

Next, a quantitative phasor analysis is given. Performing a linear fit to the pha-
sors corresponding to simulations at low laser repetition rates yields lifetime
components of 703 (+ 4/- 3) ps and 99 (+ 71/- 61) ps 7 as can be seen in Fig. G.6a.
The turquoise line corresponds to the linear fit and its intersections with the
universal semicircle give the phasors of the lifetime components.The two lines
of pale grey and pale red color visualize the tolerance interval of the linear fit
and correspond to the lines of minimum and maximum slope of the fit para-
meters, respectively. The subfigures G.6b, G.6c and G.6d allow for a detailed
analysis of the kinetics of the distinct phasors at higher laser repetition rates.

7The asymmetric values of the uncertainty of the lifetime components is due to the nonlinear
scaling of the ruler of lifetimes along the universal semicircle, see also appendix C.
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(a) low laser repetition rates (b) repetition rate 2 MHz

(c) repetition rate 8 MHz (d) repetition rate 80 MHz

Figure G.9.: Phasor plots for analysis of the phasor calculated from the sim-
ulated fluorescence transients (Refinement 2: larger kSTA: The phasors calculated
from simulate fluorescence transients shown in Fig. G.4 are visualized in separate phasor
plots for the laser repetition rates of 0.05 MHz and 0.5 MHz (a), 2 MHz (b), 8 MHz (c)
and 80 MHz (d), respectively. For the laser repetition rates 0.05 MHz and 0.5 MHz in
(a) a non zoomed view of the phasor plot is shown including a ruler of lifetimes along
the universal semicircle (grey circles) counterclockwise denoting the values 0 ns, 0.1 ns,
0.2 ns, 0.5 ns, 1 ns, 2 ns, 5 ns and 10 ns, respectively. The other subfigures (b,c,d) show
zoomed views of the phasor plot. Different laser repetition rates are coded by color, dif-
ferent excitation fluence are coded by different phasor symbols. For details see text.

For 2 MHz all phasors overlap with the tolerance interval of the biexponential
kinetics8, whereas for laser repetition rates of 8 MHz and 80 MHz a third life-
time component is necessary, namely for the excitation parameter combinations
of 8 MHz and an excitation fluence of 1 · 1014 photons/(pulse· cm2), 8 MHz and
an excitation fluence of 1 · 1014 photons/(pulse·cm2), 80 MHz and an excitation
fluence of 1 · 1013 photons/(pulse·cm2) as well as for a laser repetition rate of
80 MHz and an excitation fluence of 1 · 1014 photons/(pulse· cm2).

8As outlined before in Section G.2 the outer limits of the phasor symbols are used for esti-
mation of the uncertainty of the phasor positions.
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The quantitative results of a phasor analysis for all simulated fluorescence tran-
sients are summarized in Table G.2 as a function of the excitation parameters.
Different columns correspond to different excitation fluences, increasing from
left to right, and different rows correspond to different laser repetition rates, in-
creasing from top to bottom. The fractional contributions of the distinct lifetime
components are given in brackets.

laser repetition excitation fluence photons
pulses·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 703 ps (0.97)
99 ps (0.03)

0.5 703 ps (0.97) 703 ps (0.99)
99 ps (0.03) 99 ps (0.01)

2 703 ps (0.97) 703 ps (0.96)
99 ps (0.03) 99 ps (0.04)

8 703 ps (0.96) 703 ps (0.88)
99 ps (0.04) 99 ps (0.04)

394 ps (0.09)

80 703 ps (0.94) 703 ps (0.86) 703 ps (0.37)
99 ps (0.06) 99 ps (0.04) 99 ps (0.02)

420 ps (0.1) 455 ps (0.61)

Table G.2.: Lifetime components and their fractional contributions for the mul-
tiexponential kinetics of simulated fluorescence transients considering a singlet-
triplet annihilation rate of 2 · 109 s−1

G.4. Triplet excitations in the basis simulation

(kSTA from experiments)

In order to investigate the disagreement of the kinetics of the basis simulations
with respect to the experiment for the highest laser repetition rate and high exci-
tation fluence, as outlined above, it is helpful to have a look at the contribution of
triplet states within the DMC simulations. Fig. G.10 shows the fractional triplet
occurrence obtained from the DMC simulation data as a function of the laser
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repetition rate and the excitation fluence for the excitation parameter combina-
tions of the experiments. The dashed lines in Fig. G.10 serve as a guide to the
eye and connect the data points of equal excitation fluence. The fractional triplet
population counts all electronic states corresponding to LH2 complexes carrying
at least one triplet excitation.

Figure G.10.: Fractional triplet population within the B830 LH2 complex of Mch.
purpuratum resulting from the DMC simulations: The fraction of LH2 complexes
carrying at least one triplet excitation 3Car* appearing in the DMC simulations as a
function of the laser repetition rate. The dashed lines serve as a guide to the eye and
connect the data points of equal excitation fluence. For details see text.

For low laser repetition rates, such as 0.05 MHz and 0.5 MHz, the fractional
triplet population is almost zero. Regarding the excitation photon fluence of
1 · 1013 photons/(pulse·cm2), see circle symbols in Fig. G.10, the triplet popu-
lation remains that low except for the highest laser repetition rate of 80 MHz,
where it rises up to 0.2. In contrast, for the highest excitation fluence of 1 · 1014

photons/(pulse·cm2) a significant influence of the laser repetition rate on the
fractional triplet population is observed. Thus, as can be seen in the diamond
symbols in Fig. G.10, the fractional triplet population rises tremendously up to
86 % for a laser repetition rate of 80 MHz. This massive accumulation of triplet
states most likely results from the small temporal separation of only 12.5 ns be-
tween the excitation laser pulses. Actually, the observance of high triplet pop-
ulations resulting from the DMC simulations at excitation parameter combina-
tions of higher laser repetition rate, such as 8 MHz and 80 MHz, and excitation
fluences equal to and above 1 · 1013 photons/(pulse·cm2), supports the identifi-
cation of the third lifetime component within the discussion of the multiexpo-
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nential kinetics, as outlined in Section 6.3. In fact, this third lifetime component,
which was attributed to the occurrence of STA processes in Section 6.3, is only
observed for excitation parameter combinations that show high triplet popula-
tions in Fig. G.10. However, the observed tremendous fractional population of
triplet states of 86 % for the highest laser repetition rate of 80 MHz and the high-
est excitation fluence within the DMC simulation has to be considered when
discussing the observed discrepancy between the kinetics corresponding to the
simulations and those corresponding to the experiments.

In Section 7.1, where the expanded rate model used for the DMC simulations
was developed, it was argued that the expansion of the rate model to higher
triplet states, namely to allow that an LH2 complex might carry a multiple num-
ber of triplet excitations, is necessary in order to avoid a saturation of the excita-
tion in the electronic state of the LH2 complex, carrying the highest number of
triplet excitations within the simulation. Thus, it has to be checked whether this
might be the case for the expanded rate model that is used for the simulations
and thus might be a possible explanation for the observed high fractional triplet
population in Fig. G.10.

In addition, the data of the DMC simulations allows for evaluation of the relative
occurrence of electronic states corresponding to LH2 complexes that carry triplet
excitations. A summary of this evaluation is given in Table G.3. Depending on
the number of triplet excitations that is carried by an LH2 complex, the entries of
the table are denote as 1T if there is only one triplet excitation, 2T for two triplet
excitations and so on. In round brackets the fractional occurrences are shown.
As can be seen in Table G.3, for low laser repetition rates, if any triplet excitation
occurs, only electronic states corresponding to LH2 complexes that carry one
triplet excitation appear. With increasing laser repetition rate also higher num-
bers of triplet excitations carried by an LH2 complex appear within the DMC
simulations but mostly with an occurrence of or below 10%. Remarkably, for the
excitation parameter combination of 80 MHz laser repetition rate and an excita-
tion fluence of 1 · 1014 photons/(pulse·cm2) even LH2 complexes carrying up to
five triplet excitations appear within the DMC simulation. However, the max-
imum possible number of seven triplet excitations on one LH2 complex is not
observed. Thus, any saturation effects of the rate model developed above and
used for the DMC simulations can be excluded to play a role in the observed
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discrepancies between the measured and simulated fluorescence transients.

laser repetition excitation fluence photons
pulses·cm2

rate (MHz) 5 · 1012 1 · 1013 1 · 1014

0.05 1T

0.5 1T 1T

2 1T 1T (0.99)
2T (0.01)

8 1T (0.99) 1T (0.92)
2T (0.01) 2T (0.08)

80 1T (0.95) 1T (0.91) 1T (0.37)
2T (0.05) 2T (0.09) 2T (0.32)

3T (0.19)
4T (0.08)
5T (0.02)

Table G.3.: Relative triplet population of electronic states corresponding to LH2
complexes carrying different numbers of triplet excitations resulting from the
DMC simulations: The entries of the table are denote 1T if there is only one triplet
excitation, 2T for two triplet excitations and so on. In round brackets the fractional
occurrence is given.

In summary, the analysis of the triplet populations given above clearly indicates
that the expanded rate model used for the simulations is applicable as no satu-
ration effect of triplet excitations occurs. Nevertheless, the expanded rate model
used for the DMC simulations leads to high fractional triplet populations and
moreover to observance of the population of electronic states corresponding to
LH2 complexes that carry multiple triplet states, see Table G.3.

237



G. Supplementary information for chapter 7: ’Modelling of electronic excitations in
isolated LH2 complexes of Mch. purpuratum’

238



9. Bibliography

[1] René Monshouwer, Malin Abrahamsson, Frank van Mourik, and Rienk
van Grondelle, Superradiance and Exciton Delocalization in Bacterial Photo-
synthetic Light-Harvesting Systems, The Journal of Physical Chemistry B 101
(1997), no. 37, 7241–7248.

[2] Tobias J Pflock, Manuela Dezi, Giovanni Venturoli, Richard J Cogdell, Jür-
gen Köhler, and Silke Oellerich, Comparison of the fluorescence kinetics of
detergent-solubilized and membrane-reconstituted LH2 complexes from Rps. aci-
dophila and Rb. sphaeroides, Photosynthesis Research 95 (2008), no. 2-3, 291–
298.

[3] Tobias J. Pflock, Silke Oellerich, June Southall, Richard J. Cogdell,
G. Matthias Ullmann, and Jürgen Köhler, The Electronically Excited States
of LH2 Complexes from Rhodopseudomonas acidophila Strain 10050 Studied by
Time-Resolved Spectroscopy and Dynamic Monte Carlo Simulations. I. Isolated,
Non-Interacting LH2 Complexes, The Journal of Physical Chemistry B 115
(2011), no. 28, 8813–8820.

[4] Martin A. Bopp, Yiwei Jia, Liangquan Li, Richard J. Cogdell, and
Robin M. Hochstrasser, Fluorescence and photobleaching dynamics of single
light-harvesting complexes, Proceedings of the National Academy of Sci-
ences 94 (1997), no. 20, 10630–10635.

[5] Md Wahadoszamen, Iris Margalit, Anjue Mane Ara, Rienk Van Grondelle,
and Dror Noy, The role of charge-transfer states in energy transfer and dissipa-
tion within natural and artificial bacteriochlorophyll proteins, Nature Commu-
nications 5 (2014), 1–8.

[6] Michele Nottoli, Sandro Jurinovich, Lorenzo Cupellini, Alastair T Gar-
diner, Richard J Cogdell, and Benedetta Mennucci, The role of charge-transfer
states in the spectral tuning of antenna complexes of purple bacteria, Photosyn-
thesis Research 137 (2018), no. 2, 215–226.

239



9. Bibliography

[7] Lorenzo Cupellini, Sandro Jurinovich, Marco Campetella, Stefano
Caprasecca, Ciro A. Guido, Sharon M. Kelly, Alastair T. Gardiner, Richard
Cogdell, and Benedetta Mennucci, An ab initio description of the excitonic
properties of LH2 and their temperature dependence, Journal of Physical Chem-
istry B 120 (2016), no. 44, 11348–11359.

[8] Marco Ferretti, Ruud Hendrikx, Elisabet Romero, June Southall, Richard J.
Cogdell, Vladimir I. Novoderezhkin, Gregory D. Scholes, and Rienk van
Grondelle, Dark States in the Light-Harvesting complex 2 Revealed by Two-
dimensional Electronic Spectroscopy, Scientific Reports 6 (2016), no. 1, 20834.

[9] United Nations, Energy Statistics Pocketbook 2020, 2020.

[10] Celestino Creatore, Alex W Chin, Michael A Parker, and Stephen Emmott,
Emergent models for artificial light-harvesting, Frontiers in Materials 2 (2015),
no. 6.

[11] Yanbin Wang, Hideo Ohkita, Hiroaki Benten, and Shinzaburo Ito, Effi-
cient exciton harvesting through long-range energy transfer, ChemPhysChem
16 (2015), no. 6, 1263–1267.

[12] Arash Takshi, Houman Yaghoubi, Tete Tevi, and Sara Bakhshi, Photoac-
tive supercapacitors for solar energy harvesting and storage, Journal of Power
Sources 275 (2015), 621–626.

[13] Gregory D. Scholes, Tihana Mirkovic, Daniel B. Turner, Francesca Fassi-
oli, and Andreas Buchleitner, Solar light harvesting by energy transfer: From
ecology to coherence, Energy and Environmental Science 5 (2012), no. 11,
9374–9393.

[14] Gregory D Scholes, Graham R Fleming, Alexandra Olaya-Castro, and
Rienk Van Grondelle, Lessons from nature about solar light harvesting, Na-
ture Chemistry 3 (2011), no. 10, 763–774.

[15] Tihana Mirkovic, Evgeny E. Ostroumov, Jessica M. Anna, Rienk Van Gron-
delle, Govindjee, and Gregory D. Scholes, Light absorption and energy trans-
fer in the antenna complexes of photosynthetic organisms, Chemical Reviews
117 (2017), no. 2, 249–293.

[16] G S Schlau-Cohen, Principles of light harvesting from single photosynthetic
complexes, Interface Focus 5 (2015), no. 3, 1–6.

240



9. Bibliography

[17] Christopher J Law, Aleksander W Roszak, June Southall, Alastair T Gar-
diner, Neil W Isaacs, and Richard J Cogdell, The structure and function of
bacterial light-harvesting complexes, Molecular Membrane Biology 21 (2004),
no. 3, 183–191.

[18] Lars Olof Björn, The Measurement of Light, Photobiology, Springer New
York, New York, NY, 2015, pp. 37–49.

[19] Svetlana Bahatyrova, Raoul N Frese, C Alistair Siebert, John D Olsen,
Kees O van der Werf, Rienk van Grondelle, Robert A Niederman, Per A
Bullough, Cees Otto, and C Neil Hunter, The native architecture of a photo-
synthetic membrane, Nature 430 (2004), no. 7003, 1058–1062.

[20] Simon Scheuring and James N Sturgis, Atomic force microscopy of the bacte-
rial photosynthetic apparatus: plain pictures of an elaborate machinery, Photo-
synthesis Research 102 (2009), no. 2-3, 197–211.

[21] Thomas Walz, Stuart J Jamieson, Claire M Bowers, Per A Bullough, and
C Neil Hunter, Projection structures of three photosynthetic complexes from
Rhodobacter sphaeroides: LH2 at 6 Å, LH1 and RC-LH1 at 25 Å, J. Mol. Bio.
282 (1998), 833–845.

[22] G. McDermott, S. M. Prince, A. A. Freer, A. M. Hawthornthwaite-Lawless,
M. Z. Papiz, R. J. Cogdell, and N. W. Isaacs, Crystal structure of an integral
membrane light-harvesting complex from photosynthetic bacteria, 1995, pp. 517–
521.

[23] Juergen Koepke, Xiche Hu, Cornelia Muenke, Klaus Schulten, and Hart-
mut Michel, The crystal structure of the light-harvesting complex II (B800–850)
from Rhodospirillum molischianum, Structure 4 (1996), no. 5, 581–597.

[24] Miroslav Z Papiz, Steve M Prince, Tina Howard, Richard J Cogdell, and
Neil W Isaacs, The Structure and Thermal Motion of the B800–850 LH2 Com-
plex from Rps.acidophila at 2.0ÅResolution and 100K: New Structural Features
and Functionally Relevant Motions, Journal of Molecular Biology 326 (2003),
no. 5, 1523–1538.

[25] Andrew Gall and Bruno Robert, Characterization of the Different Periph-
eral Light-Harvesting Complexes from High- and Low-Light Grown Cells from
Rhodopseudomonas palustris †, Biochemistry 38 (1999), no. 16, 5185–5190.

241



9. Bibliography

[26] Tatas H.P. Brotosudarmo, Ralf Kunz, Paul Böhm, Alastair T. Gardiner,
Vladimíra Moulisová, Richard J. Cogdell, and Jürgen Köhler, Single-
Molecule Spectroscopy Reveals that Individual Low-Light LH2 Complexes from
Rhodopseudomonas palustris 2.1.6. Have a Heterogeneous Polypeptide Composi-
tion, Biophysical Journal 97 (2009), no. 5, 1491–1500.

[27] Suman Ranjit, Leonel Malacrida, David M. Jameson, and Enrico Gratton,
Fit-free analysis of fluorescence lifetime imaging data using the phasor approach,
Nature Protocols 13 (2018), no. 9, 1979–2004.

[28] Gregorio Weber, Resolution of the fluorescence lifetimes in a heterogeneous sys-
tem by phase and modulation measurements, Journal of Physical Chemistry 85
(1981), no. 8, 949–953.

[29] Joan L Slonczewski and John W Forster, Microbiology: An Evolving Science,
3 ed., W. W. Norton & Company, 2013.

[30] T Pullerits, K J Visscher, S Hess, V Sundström, A Freiberg, K Timpmann,
and R van Grondelle, Energy transfer in the inhomogeneously broadened core
antenna of purple bacteria: a simultaneous fit of low-intensity picosecond absorp-
tion and fluorescence kinetics, Biophysical Journal 66 (1994), no. 1, 236–248.

[31] S. Hess, M. Chachisvilis, K. Timpmann, M. R. Jones, G. J.S. Fowler, C. N.
Hunter, and V. Sundström, Temporally and spectrally resolved subpicosecond
energy transfer within the peripheral antenna complex (LH2) and from LH2 to
the core antenna complex in photosynthetic purple bacteria, Proceedings of the
National Academy of Sciences of the United States of America 92 (1995),
no. 26, 12333–12337.

[32] V Nagarajan and W W Parson, Excitation Energy Transfer between the B850
and B875 Antenna Complexes of Rhodobacter sphaeroides, Biochemistry 36
(1997), no. 8, 2300–2306.

[33] K J Visscher, H Bergström, V Sundström, C N Hunter, and R Van Gron-
delle, Temperature dependence of energy transfer from the long wavelength an-
tenna BChl-896 to the reaction center in Rhodospirillum rubrum, Rhodobacter
sphaeroides (w.t. and M21 mutant) from 77 to 177K, studied by picosecond ab-
sorption spectroscopy, Photosynthesis Research 22 (1989), no. 3, 211–217.

242



9. Bibliography

[34] H Bergström, R van Grondelle, and V Sundström, Characterization of exci-
tation energy trapping in photosynthetic purple bacteria at 77 K, FEBS Letters
250 (1989), no. 2, 503–508.

[35] Arvi Freiberg, James P. Allen, Jo Ann C. Williams, and Neal W. Woodbury,
Energy trapping and detrapping by wild type and mutant reaction centers of
purple non-sulfur bacteria, Photosynthesis Research 48 (1996), no. 1-2, 309–
319.

[36] Richard J. Cogdell, Andrew Gall, and Jürgen Köhler, The architecture
and function of the light-harvesting apparatus of purple bacteria: From single
molecules to in vivo membranes, Quarterly Reviews of Biophysics 39 (2006),
no. 3, 227–324.

[37] H P Lang and C N Hunter, The relationship between carotenoid biosynthesis
and the assembly of the light-harvesting LH2 complex in Rhodobacter sphaeroides,
Biochemical Journal 298 (1994), no. 1, 197–205.

[38] Andrew Gall, Sarah Henry, Shinichi Takaichi, Bruno Robert, and Richard J
Cogdell, Preferential Incorporation of Coloured-carotenoids Occurs in the LH2
Complexes From Non-sulphur Purple Bacteria Under Carotenoid-limiting Con-
ditions, Photosynthesis Research 86 (2005), no. 1-2, 25–35.

[39] Richard J. Cogdell, Neil W. Isaacs, Tina D. Howard, Karen McLuskey,
Niall J. Fraser, and Stephen M. Prince, How Photosynthetic Bacteria Harvest
Solar Energy, Journal of Bacteriology 181 (1999), no. 13, 3869–3879.

[40] B Robert, Richard Cogdell, and R Van Grondelle, The Light-Harvesting Sys-
tem of Purple Bacteria, Light-Harvesting Antennas in Photosynthesis (Bever-
ley R Green and William W Parson, eds.), Advances in Photosynthesis and
Respiration, vol. 13, Springer Netherlands, Dordrecht, 2003, pp. 169–194.

[41] Clemens Hofmann, Martijn Ketelaars, Michio Matsushita, Hartmut
Michel, Thijs J Aartsma, and Jürgen Köhler, Single-Molecule Study of the
Electronic Couplings in a Circular Array of Molecules: Light-Harvesting-2 Com-
plex from Rhodospirillum Molischianum, Physical Review Letters 90 (2003),
no. 1, 13004.

[42] Y C Cheng and R J Silbey, Coherence in the B800 Ring of Purple Bacteria LH2,
Physical Review Letters 96 (2006), no. 2, 28103.

243



9. Bibliography

[43] Kenneth Sauer, Richard J Cogdell, Steve M Prince, Andy Freer, Neil W
Isaacs, and Hugo Scheer, Structure-Based Calculations of the Optical Spec-
tra of the LH2 Bacteriochlorophyll-Protein Complex from Rhodopseudomonas aci-
dophila, Photochemistry and Photobiology 64 (1996), no. 3, 564–576.

[44] Villy Sundström, Tõnu Pullerits, and Rienk Van Grondelle, Photosynthetic
light-harvesting: Reconciling dynamics and structure of purple bacterial LH2
reveals function of photosynthetic unit, Journal of Physical Chemistry B 103
(1999), no. 13, 2327–2346.

[45] Ralph Jimenez, Srivatsan N Dikshit, Stephen E Bradforth, and Graham R
Fleming, Electronic excitation transfer in the LH2 complex of Rhodobacter
sphaeroides, Journal of Physical Chemistry 100 (1996), no. 16, 6825–6834.

[46] C. De Caro, R. W. Visschers, R. Van Grondelle, and S. Völker, Inter- and
intraband energy transfer in LH2-antenna complexes of purple bacteria. A fluo-
rescence line-narrowing and hole-burning study, Journal of Physical Chemistry
98 (1994), no. 41, 10584–10590.

[47] A P Shreve, J K Trautman, Harry A Frank, T G Owens, and A C Albrecht,
Femtosecond energy-transfer processes in the B800–850 light-harvesting com-
plex of Rhodobacter sphaeroides 2.4.1, Biochimica et Biophysica Acta (BBA)
- Bioenergetics 1058 (1991), no. 2, 280–288.

[48] Mirianas Chachisvilis, Oliver Kühn, Tõnu Pullerits, and Villy Sundström,
Excitons in Photosynthetic Purple Bacteria: Wavelike Motion or Incoherent Hop-
ping?, The Journal of Physical Chemistry B 101 (1997), no. 37, 7275–7283.

[49] M. Dahlbom, T. Pullerits, S. Mukamel, and V. Sundström, Exciton delocal-
ization in the B850 light-harvesting complex: Comparison of different measures,
Journal of Physical Chemistry B 105 (2001), no. 23, 5515–5524.
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