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Chapter 1

Motivation

The answer is out there, Neo, and it’s looking for you,
and it will find you if you want it to.

(Trinity in Matriz)

Nature has created amazingly efficient systems for the use of sunlight as an energy
source: the photosynthetic complexes. Plants and other photosynthetic organisms are
perfectly adapted to use the resources available in their environments. The various organ-
isms capable of oxygenic photosynthesis have developed a variety of light-harvesting com-
plexes, which collect sunlight and transfer the energy to the reaction centers. With an
estimated energy conversion of 2-4-10'® kJ, photosynthetic organisms synthesize about
2.10!! tons global biomass annually [1,2]. Extensive knowledge of these specific and
highly efficient energy conversion processes is of fundamental interest. Today, the use of
sunlight as a clean and abundant energy source is of particular importance. Therefore,
current research deals with the development of an artificial photosynthetic process with
an efficient photochemical conversion of solar energy [3]. Because of their immobility
plants have developed a diversity of strategies to cope with changing environmental con-
ditions. Fluctuations in the intensity of the incident light pose a major challenge. In
case of low solar radiation, the light energy available is harvested completely and effi-
ciently. Increasing light intensity, however, can damage the photosynthetic apparatus.
Therefore, photosynthetic organisms need a protection mechanism which can respond
depending on the intensity of the incident sunlight and dissipate excess energy in order
to prevent damage. Carotenoids play an essential role in the light harvesting processes
as well as in the protection against excessive irradiation. Along with chlorophylls, they
are the most common pigments found on earth. This large group of pigments has a
multitude of biological functions [4]. Carotenoids act as accessory pigments in the pho-
tosynthetic apparatus, because they reduce the so-called "green gap" in the absorption



spectrum of chlorophylls and enable the absorption of a larger amount of sunlight. Fur-
thermore, they are involved in photoprotective mechanisms by quenching triplet states
of chlorophylls, preventing the formation of dangerous singlet oxygen. This turns them
into effective antioxidants not only in plants but also in animals and humans. Besides
their chromophoric properties they have stabilizing structural functions in proteins and
membranes. For the understanding of the structure-function-relationship a detailed
knowledge of the excited state dynamics and the arrangement of the electronic states is
crucial [5]. Since the excited state properties of carotenoids are very complicated they
are still under discussion. For example, the role of carotenoid radical cations in the
nonphotochemical quenching mechanism [6,[7] and the role of dark electronic states in
the relaxation dynamics are controversial [§].

The present thesis deals with the ultrafast energy transfer dynamics in the fuco-
xanthin-chlorophyll proteins from the centric diatom Cyclotella meneghiniana and the
excited state dynamics of the contained carotenoids fucoxanthin, diadinoxanthin, and
diatoxanthin. Diatoms are eukaryotic, unicellular algae embedded in a silica shell made
of two asymmetrical sides [9,/10]. With over 100,000 species they play a major global
role in the biochemical cycles of carbon, nitrogen, phosphorus, and silicon and thus
are of considerable ecological importance |11,/12]. Though their light harvesting com-
plexes (LHCs) show high homology with LHCII of higher plants, they contain different
pigments with an unusual stoichiometry. Besides a small amount of the xanthophyll
cycle pigments diadinoxanthin and diatoxanthin they possess the carbonyl containing
carotenoid fucoxanthin in an unusual high carotenoid-to-chlorophyll ratio of about one.
Fucoxanthin enhances the absorption of the green light available in the sea and transfers
it to the chlorophylls with high efficiency.

To investigate the properties of fucoxanthin and its role for the energy transfer path-
ways in fucoxanthin-chlorophyll proteins both isolated carotenoids as well as protein
complexes were characterized by means of time-resolved spectroscopic methods. The
experiments focused on the excited state dynamics of carotenoids in solution and the
dependence of the energy transfer within the protein complexes on the pigmentation,
the oligomeric state, and the excitation wavelength.

Modern laser spectroscopy allows the study of photophysical and photochemical pro-
cesses on different time scales [13]. Time-resolved optical spectroscopy with time reso-
lutions down to tens of femtoseconds enables the study of e.g. the electronic structure,
dissipation pathways and conformational dynamics within biological molecules and larger
systems. After excitation of the photosynthetic pigments the energy transfer within the
light harvesting complexes and electron transfer within the reaction centers can be stud-
ied as summarized in [5/14,/15]. Within the scope of this thesis a number of experiments
were performed and the already existing transient absorption setup was complemented
by two setups based on ultrafast time-resolved fluorescence techniques, namely fluo-
rescence upconversion and Kerr-gating. The well-established time-resolved absorption
technique based on the pump-probe principle enables the measuring of transient broad-
band absorption spectra. These consist of several contributions such as excited state
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absorption, stimulated emission, vibrational relaxation of the ground state, and ground
state bleaching. Both fluorescence techniques, upconversion and Kerr-gating, allow di-
rectly monitoring the depopulation of electronically excited states without additional
overlapping contributions. With the complementary techniques of transient absorption
and time-resolved fluorescence, excited state dynamics and fluorescence lifetimes in the
femtosecond and picosecond range can be determined.

In the following an overview about the scope and content of the present thesis is
given. Chapter 2 provides a short introduction into photosynthesis, especially light
harvesting and the involved pigments chlorophylls and carotenoids, with a focus on the
excited states and the properties of carbonyl containing carotenoids. Furthermore, it
includes an overview of the investigated fucoxanthin-chlorophyll proteins, their pigment
composition and oligomeric states, as well as the sample preparation.

Chapter 8 deals with the theoretical background of the applied spectroscopic tech-
niques. It includes a short introduction to nonlinear optics and basic principles of
ultrafast time-resolved spectroscopy such as the pump-probe principle. In addition,
the time-resolved fluorescence techniques implemented during this thesis are explained:
Kerr-gating and fluorescence upconversion.

A detailed description of the Kerr-gating experiment is given in Chapter 4. The laser
system used, specifically single parts of the setup such as the two-stage OPA, the NOPA|
and the prism compressor are explained. A first characterization of the setup is given
by cross correlation measurements. The other setups used for transient absorption, time
correlated single photon counting and fluorescence upconversion experiments performed
within the scope of this work are also described.

Chapters 5 to 7 include the results and discussion of the different experiments per-
formed. In Chapter 5 the results on isolated carotenoids are presented including time-
resolved absorption and fluorescence spectroscopy. Chapter 6 addresses the investigation
of the fucoxanthin-chlorophyll proteins. Transient absorption measurements to study
the excitation energy transfer within the light-harvesting proteins were complemented
by steady state characterizations and time-resolved anisotropy experiments. The coher-
ent effects observed in several of the time-resolved absorption spectra are described and
discussed in Chapter 7. Additional investigations of the oscillatory features promise to
give further insight in the excited state dynamics and the dark states involved.






Chapter 2

Fucoxanthin Chlorophyll Proteins
and Isolated Carotenoids

This is called farming! You kids are gonna grow all
kinds of plants! Vegetable plants, pizza plants...

(Captain B. McCrea in WALL-E)

2.1 Photosynthesis

All life on this planet ultimately depends on the energy conversion of the sunlight to
chemical energy by organisms capable of oxygenic photosynthesis. Plants, algae and
photosynthetic bacteria harvest light from the sun to synthesize carbohydrates from
carbon dioxide and water. Specialized pigment-protein complexes absorb solar energy
and efficiently transfer it to photochemical reaction centers where the charge separation
takes place to induce a transmembrane electrochemical potential difference. This mem-
brane potential is then used by the ATP synthase to produce the energy carrier ATP
(adenosine triphosphate). In oxygenic organisms (plants, algae, and cyanobacteria) two
photosystems working in series are involved in the light dependent reactions of photo-
synthesis (Figure . High resolution studies discovered the structure of these core
complexes, photosystem (PS) I and IT [18421]. Both photosystems contain a chloro-
phyll @ dimer called special pair. They are ionized either upon direct light absorption or
excitation energy transfer from surrounding pigments and thus release the electrons to
the respective electron transport chain. In PSII the electrons are transferred via plas-
toquinone to the cytochrome bg/f complex. Water is split into molecular oxygen and
protons and the electrons are used to neutralize the pair of chlorophyll a molecules in
PSII. The special pair in PSI receives the electrons from the carriers connecting PSII
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Figure 2.1: Schematic model of components involved in the photosynthetic electron
transport and adenosine triphosphate (ATP) synthesis, adopted from [16|/17]. The cyto-
chrome bg /f complex connects PSI and PSII via plastochinones (PQ) and plastocyanines
(PC). Ferredoxin (FD) mediates the electron transport to NADPT. The enzyme ATP
synthase catalyzes the formation of ATP using the potential difference.

and PSI. Via ferredoxin PSI transfers the electrons to a final electron acceptor NADP™
(nicotinamide adenine dinucleotide phosphate) and reduces it to the reducing equivalent
NADPH. The described electron transfer processes in photosynthetic reaction centers
occur on the picosecond and subpicosecond time scales. Thus, time-resolved optical
spectroscopy is most suitable to analyze theses ultrafast reactions [14,/15]. ATP and
NADPH formed in the so called ‘light reactions’ in turn catalyze the ‘dark reactions’ in
which carbon dioxide is fixed and reduced (Calvin cycle) to build up carbohydrates and
all other biomolecules [16}22].

For the success of photosynthesis efficient light-harvesting as well as rapid excitation
energy transfer (EET) are essential. The large variety of photosynthetic organisms devel-
oped different light-harvesting antennas to ensure efficient transfer of the absorbed light
energy to the reaction centers. These membrane associated complexes contain chloro-
phylls (Chl) or bacteriochlorophylls (BChl) as main light harvesting pigments arranged
with accessory pigments, carotenoids and phycobilins [17,123|. Today the structures of
various light-harvesting complexes (LHCs) are resolved in atomic detail like the com-
plexes LH2 [24-26] and LH1 [27,28| from purple bacteria and LHCII [29-31] from higher
plants. The excited pigments transfer the energy resulting in an ultrafast cascade from
higher to lower states and deliver it to the reaction center. LH1 and LH2 from pur-
ple bacteria build up rings of antenna proteins with peripheral mobile LH2 antenna
complexes and large LH1 rings enclosing the reaction center [32]. LHC I and II from
green algae and higher plants are structured differently. LHCI functions as an antenna
only for PSI forming a PSI supercomplex with four LHCI proteins [33]. In contrast,
LHCII is mainly associated to PSII [34-36]. It can protect the photosynthetic apparatus
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against a surplus of light [37,|38] and regulates the distribution of the incident sunlight
between PSII and PSI [39]. The antenna systems of cyanobacteria and red algae are
called phycobilisomes since they contain phycobilins instead of carotenoids as accessory
pigments [40].

2.2 Photosynthetic Pigments

As mentioned before, there are three basic classes of photosynthetic pigments — chloro-
phylls, carotenoids, and phycobilins. In nature chlorophylls and carotenoids are abound.
Chl a is the most abundant pigment on earth. Besides the coloring these pigments have
multiple important functions such as absorption of light, efficient energy transfer to the
reaction centers, stabilization of the photosynthetic apparatus as well as the protection
against excessive light.

2.2.1 Chlorophylls

The greenish chlorophylls consist of a porphyrin ring with a central metal ion (Mg?*) and
most of them possess a long phytyl chain (Figure . The most important one, Chl q,
is contained in all plants, algae and cyanobacteria which photosynthesize. As mentioned
before, the Chl ¢ dimers in the reaction centers act as primary electron donors in the
electron transport chain. While this function is unique for Chl a, all chlorophylls can act
as light harvesting pigments in the photosynthetic apparatus. In the case of diatoms,

Chlorophyll ¢
C, X=CH,CH,

« C, X=CH=CH,

a Y=CH,
b Y=CHO

Figure 2.2: Structures of different chlorophylls. Chl a is found in all organisms capable
of oxygenic photosynthesis. In diatoms the light-harvesting pigment Chl b is replaced by
Chl ¢2, which lacks the phytyl chain.
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Figure 2.3: Absorption spectrum of a Chl a/b mixture in ethanol. The Q, band of
Chl b is very weak located around 549 nm [41].

i.e. algae with a silica shell, the second chlorophyll species present is Chl ¢y instead
of Chl b found in higher plants. The structure of Chl ¢ is shown in Figure 2.2} it
lacks the phytyl chain. Its absorption spectrum is shifted like Chl b when compared to
Chl a [42]. Like porphyrins chlorophylls show two main characteristic absorption bands
in the visible spectral region which are called Soret (B) and Q band (Figure [2.3). How-
ever, the structural asymmetry in chlorophylls causes a splitting of these two bands into
x and y components [43]. The Q, transition dipole moment is oriented perpendicular to
the Q, dipole moment and the former has a lower oscillator strength. The Soret band
with higher energy has the strongest transition in the visible. Absorption and emission
properties strongly depend on the substitutions on the porphyrin ring influencing the
m-electron system. The electronic structure, the energy levels, and the transition proba-
bilities for different porphyrin structures can be calculated [44,/45]. A simplified energy
level scheme of Chl g is shown in Figure [2.4]

Excitation is only possible into excited singlet states since the transition between
singlet and triplet states is spin-forbidden (see also chapter . By internal conversion
fast deexcitation (= 10712 s) to the first excited singlet state (Si) takes place with
subsequent fluorescence to the ground state (= 107Y s). Due to intersystem crossing
population of the triplet state is possible resulting in long-lived phosphorescence [46)].

Under excess light conditions more excitation energy is absorbed than can be utilized
for photosynthesis. This leads to an accumulation of excited states of chlorophyll (:Ch1*)
and thus an increased probability for the formation of triplet excited states (3Chl*).
Chlorophyll triplet states in turn are responsible for the generation of highly reactive
singlet oxygen (*O2*). This toxic oxygen species can destroy the photosynthetic appa-
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Figure 2.4: Simplified energy level scheme of chlorophyll a. IC: internal conversion,
ISC: intersystem crossing, VR: vibrational relaxation. Adopted from [46].

ratus by oxidizing proteins and lipids of the membrane as well as pigments [47]. Hence
efficient protection mechanisms are required either to quench or to prevent the forma-
tion of toxic oxygen species in photosynthetic organisms [17,48]. Due to their ability to
quench chlorophyll triplet states as well as singlet oxygen, carotenoids can protect the
photosynthetic apparatus. The formed carotenoid triplet states decay harmlessly, since
they are lower in energy compared to the singlet oxygen and emit the energy as heat.
Non-photochemical quenching is an additional protection mechanism with participation
of specific xanthophylls (for details see chapter .

2.2.2 Carotenoids

Though they can only be synthesized by plants and microorganisms, carotenoids are
found in almost all organisms. They serve as accessory pigments in the light harvesting
process since carotenoids absorb in a visible spectral region not accessible by chlorophylls.
More than 65 years ago the first study reporting on efficient energy transfer of carotenoids
to chlorophylls was based on fluorescence spectroscopy of a diatom suspension [49].
As stated above, these unique pigments also act as quenchers of reactive chlorophyll
and oxygen species and thus protect the photosynthetic apparatus against a surplus of
light [50]. Besides photosynthesis carotenoids are required to stabilize the structure of
protein complexes and have antioxidative functions [51,[52]. There is evidence that they
can inhibit certain types of cancer [53,54] and protect against other diseases e.g. macular
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Figure 2.5: Chemical structures of -carotene and fucoxanthin and ground state ab-
sorption (Sp—S2 transition) of 3-carotene and fucoxanthin in n-hexane.

degeneration and atherosclerosis [55,56]. In addition, carotenoids are responsible for
many yellow to red coloring in photosynthetic organisms. If ingested by animals they
can also color e.g. skin, feathers, and fish scales [57].

The variety of their special functions is related to the structural features of the
carotenoid molecules and the corresponding spectroscopic properties. With their con-
jugated m-electron system all-trans carotenoids belong to the same idealized Cop point
symmetry group as polyenes (Figure . Like these, carotenoids have a low-lying, sym-
metry forbidden 2A7 (according to its symmetry in pure polyenes) or S; state and a
high-lying, absorbing state labeled 1B;} or Sy [58]. A and B classify the electronic state
according to the elements of the symmetry of its electronic distribution. States with
a rotational symmetry are labeled with A. B states do not show rotational symmetry.
The parity is even (g) or odd (u) depending on the behavior of the wavefunction un-
der inversion through the center of symmetry. Transitions are allowed if the symmetry
A<+B and the symmetry designation g<»u change [59,60]. In addition to the group the-
oretical designations, carotenoids and other polyenes must satisfy pseudoparity selection
rules [61,/62]. The pseudo-parity signs +<»— are derived from the m-electron molecular
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Figure 2.6: Simplified energy level scheme of carotenoids. 3A;, 1B, and S* are dark
excited states predicted by theoretical studies and experimental results (see text for
details) [8]. IC: internal conversion, ESA: excited state absorption. An intramolecular
charge transfer (ICT) state is only observed for carotenoids containing a carbonyl group.

orbital pairing relationships when configuration interaction among singly excited config-
urations are included [60]. Thus, the transition to the So state is strongly allowed and
responsible for the characteristic absorption band in the visible spectral region between
400 - 550 nm. Upon binding to proteins the absorption of specific carotenoids can shift
significantly due to the interactions with the respective protein binding pocket |[17,63./64].

The existence of the 'dark’ S; state and its location between the ground state and
the absorbing (S2) state was first demonstrated in 1972 |58,/65] and further theoretical
studies of polyenes revealed the existence of other dark states [66,/67]. After the first
measurement of the S lifetime of S-carotene in 1986 by Wasielewski and Kispert 68|
a large number of experiments concerning carotenoids excited state dynamics in both
solution and light harvesting complexes followed [504{69]. Further time-resolved spectro-
scopic data revealed the existence of other dark states |[70,71] and their roles in excited
state processes and energy transfer pathways are still under discussion [8]. In Figure
[2.6] a simplified energy level scheme is displayed including these dark states and excited
state transitions.

1B, and S* are the most discussed dark excited states of carotenoids because it is
assumed that they play a role in the relaxation pathways [§8]. By means of theoretical
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calculations the 1B, state was predicted to be located between the So and S; state for
carotenoids with N>9 [67], which was further confirmed by recent theoretical [72,|73]
and spectroscopic results |[74-76]. It is hypothesized that coherent excitation of the S
and the 1B, state is possible and there is already experimental evidence supporting
this assumption [77-79]. In contrast, results from four-wave mixing experiments could
explain the anomalous relationship between the Sy lifetime and the conjugation length
with a conical intersection between the So and S; state without the involvement of a dark
intermediate state [80H82]. In case of the S* state there is clear experimental evidence for
its existence though its origin is still discussed. It could be either a hot ground state |83]
or an excited state of a twisted carotenoid conformation [84]. However, to be able to
explain their origins and participations in the relaxation processes further investigations
are necessary for both dark states.

Typically, for the Sg—So transition characteristic bands are observed which are as-
signed to the lowest vibrational levels of the Sy excited state (Figure 2.5). Changes
in the intensity of the vibrational peaks reflect structural properties of the carotenoid
molecules. In case of linear carotenoids (e.g. lycopene or spheroidene) the vibrational
structure is pronounced and vanishes if the m-electron conjugation is extended to an end
group. The conjugation length itself hardly influences the vibrational structure but it
affects the energy of the Sg—Ss transition which decreases with increasing conjugation
length [85H87|. In addition, changes of the polarizability and refractive index of the sol-
vent also lead to a shift of the absorption spectra of carotenoids. However, the solvent
polarity hardly shows an effect on the resolution of the vibrational structure except for
carotenoids with a conjugated carbonyl group such as fucoxanthin (see below) [88,89].

Usually emission occurs from the lowest excited electronic state following a radia-
tionless decay from higher excited states (see chapter . However, longer carotenoids
(N > 8 conjugated double bonds) exhibit fluorescence mainly from their Sy state vi-
olating Kasha’s rule [85-87,/90]. With increasing conjugated chain length the energy
gap between the S; and So excited state increases and thus the probability of inter-
nal conversion between the two states is reduced. Hence, radiative decay from the So
state is enhanced and usually emission from the Sp state is negligible (¢ < 107°) in
carotenoids. Phosphorescence from the lowest triplet state is not observed [59].

Excited state lifetimes of carotenoids are in the range of femtoseconds in case of the
So state and picoseconds in case of the S; state. For the first excited triplet state T4
lifetimes in the microsecond range are obtained. With increasing conjugation length a
concomitant decrease of the S; lifetime from several hundred picoseconds down to ~ 1
picosecond is observed [5]. This can be explained by the energy gap law with regard
to the Sp—S; energy gap [85,91]. The polarity of the solvent shows almost no effect on
the S; lifetime with the exception of carbonyl containing carotenoids [88,/92,93]. The
S9 lifetime is in the range of 50-300 fs depending on both the carotenoid structure and
the environment [89,94-96]. For carotenoids in solution an increasing polarizability of
the solvent reduces the So—S; energy gap and facilitates the internal conversion between
the two states. This results in shorter So fluorescence lifetimes for carotenoids in polar
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Figure 2.7: Schematic model of the energy transfer pathways in LHCII including energy
levels of carotenoids and Chl a. Wavy arrows represent intramolecular relaxation pro-
cesses and the dashed arrow denotes the Chl a fluorescence. Adopted from [5].

solvents.

In photosynthesis the fast internal conversion processes and short singlet lifetimes
compete with the excitation energy transfer to chlorophylls. A basic requirement for
efficient energy transfer is a defined distance between donor and acceptor molecules [59].
The rate of energy transfer depends on the orientation of the carotenoids relative to the
chlorophylls and the mechanism (Foérster or Dexter mechanism) controlling the transfer
process [97,98]. A general, simplified scheme of the energy transfer pathways between
carotenoids and chlorophylls in LHCII is represented in Figure [5]. Upon excitation
of the carotenoid So state besides fast internal conversion a rapid energy transfer to
chlorophyll takes place with time constants below 200 fs. After relaxation to the first
excited state of the carotenoid efficient energy transfer is possible in less than 1 ps.

Carbonyl Containing Carotenoids — Fucoxanthin

Carotenoids with a conjugated carbonyl group — like fucoxanthin, peridinin, and
siphonaxanthin — show unique excited state properties depending strongly on the sol-
vent. The conjugated carbonyl group with its electron-withdrawing property induces a
charge transfer character to the ground as well as the excited states and thus affects
the energetics and the dynamics of the respective carotenoids [88,99,(100]. The vibra-
tional bands of the So—So transition are obtained for carbonyl carotenoids in nonpolar
solvents. The vibrational structure vanishes with increasing polarity of the solvent ac-
companied by a broadening towards longer wavelengths [101}|102]. In polar solvents the
charge transfer character of the ground state is stabilized leading to several ground state
conformations and thus to the loss of vibrational structure [88],101}/102].
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2.2. Photosynthetic Pigments

In contrast to nomn-carbonyl carotenoids one characteristic of carbonyl containing
carotenoids is their S; fluorescence [103,(104]. In addition, the S; lifetime depends on
the polarity of the solvent. With increasing solvent polarity the S; lifetime decreases
significantly [88,(99|100,/105]. The presence of an excited state with charge transfer
character was used to explain these results. The electron density shifts from the terminal
ring with the epoxy group to the polyene chain and the conjugated carbonyl group [106].
In polar solvents the stabilized intramolecular charge transfer (ICT) state lies below
the S; state and thus is able to quench the S; state leading to shorter lifetimes. The
transient absorption spectra of carbonyl containing carotenoids are also influenced by the
formation of the ICT state. Whereas transient spectra of those carotenoids in nonpolar
solvents are very similar to non-carbonyl carotenoids, transient spectra recorded in polar
solvents reveal an additional excited state absorption band red shifted compared to the
S1-S;, excited state absorption. Again, this can be explained with the stabilization of
the ICT state in polar solvents [88,/99,(105]. Additionally, in polar solvents a negative
band appears in the near infrared spectral region of the transient absorption spectra not
observed in nonpolar solvents and for noncarbonyl carotenoids. Thus, this signal was
assigned to the stimulated emission from the ICT state [105].

To date it is still a matter of debate if the ICT state is coupled to the S; state or if the
two states are separated. There are several suggestions concerning the molecular nature
of the ICT state [107]. Different experimental results confirmed the assumption that the
ICT state is an electronic separated state [106,[108H110]. However, other studies suggest
quantum mechanically mixed ICT and S; states, therefore they should be considered as
a single S /ICT electronic state [101,[111]. Recent experimental results combined with
theoretical calculations led to the conclusion that the formation of the ICT state requires
a mixing of the low lying S (2A4-like) and Sy (1B,-like) excited states [107].

Mechanisms of Photoprotection - Diadinoxanthin and Diatoxanthin

High light conditions can cause damage in the photosynthetic apparatus known as pho-
toinhibition [112[113]. Increasing light absorption leads to the accumulation of excited
chlorophyll molecules with a higher probability to form chlorophyll triplet states com-
pared to low light conditions. As mentioned before, carotenoids can protect the photo-
synthetic apparatus by quenching these triplet states to prevent the generation of toxic
oxygen species, in particular superoxide and hydroxyl radicals. They can also directly
scavenge 10s if it is formed [47]. The energy levels of the generated carotenoid triplet
states are below that of singlet oxygen and they decay to the ground state by releasing
heat [114].

In addition, non-photochemical quenching (NPQ) is another very important protec-
tion mechanism to regulate the dissipation of excess excitation energy. A surplus of
excitation energy is quenched and released harmlessly as heat by specific xanthophylls.
The NPQ mechanism is directly correlated with the pH gradient across the thylakoid
membrane. Measurements of the chlorophyll fluorescence make it possible to quantify
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Figure 2.8: Xanthophyll cycle pigments in higher plants (left) and algae (right). Upon
excess energy the epoxide groups on the S-rings are removed by the enzyme deepoxidase
to lower the energy of the S; state. The back reaction is catalyzed by epoxidase under
low light conditions.

NPQ [115]. In higher plants NPQ is associated with the xanthophyll cycle depicted
in Figure Under high light conditions violaxanthin is deepoxidased to zeaxanthin
in two steps via antheraxanthin. The epoxide group on each B-ring is removed by the
enzyme deepoxidase which is activated by a low pH value in the thylakoid lumen. Epox-
idase catalyzes the reverse reaction to convert zeaxanthin back to violaxanthin [116].
The quenching can take place either through a lowered energy of the carotenoid S; state
or by a carotenoid cation [6}[7,[117,[118]. Besides Chlorophyta, diatoms and brown algae
appear to be the only algae which possess a xanthophyll cycle comparable to the one in
higher plants. Under high light conditions the monoepoxide diadinoxanthin is converted
into diatoxanthin (Figure [119-121].

2.3 Fucoxanthin-Chlorophyll Proteins

Fucoxanthin-chlorophyll proteins (FCPs) are found in algae belonging to the group of
Cryptophyceae, Haptophyta, and Stramenopiles, for example diatoms (Bacillariophyta)
and brown algae (Phaeophyceae) [10,{122]. The FCPs analyzed in this work were isolated
from the centric diatom Cyclotella (C.) meneghiniana in the group of Prof. Dr. Claudia
Biichel [12]. Diatoms are unicellular, eukaryotic algae surrounded by a silica shell (valves
and girdle bands) [9] and capable of oxygenic photosynthesis. With over 10,000 described
species found in oceans and freshwater environment they are one of the major players
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Figure 2.9: FCP model including the pigments Chl a (green), Chl ¢, (dark green)
and fucoxanthin (orange) adopted from Wilhelm et al. . Two fucoxanthin molecules
are placed parallel to helix 1 and 3 taking conserved binding sites into account. The
question marks label the fucoxanthins arranged randomly due to insufficient structural
information in the region of helix 2. Diadinoxanthin and diatoxanthin are not displayed
since they are contained in substoichiometric amounts.

in the biochemical cycles of carbon, nitrogen, phosphorus, and silica [@],.

FCPs are membrane intrinsic antenna proteins with three transmembrane helices
with a size in the range of 17-22 kDa [123-125|. Like LHCII they function as light
harvesting complexes and can dissipate excess energy as heat . Belonging to the
chlorophyll a/b-binding proteins (cab-family) FCPs show high sequence homology to
other light harvesting complexes [127]. In contrast to other LHCs, where thylakoid
membranes are arranged in grana and stroma, in diatoms thyalokoids are arranged in
groups of three. Thus, the two photosystems are not segregated and have no special an-
tennas (like LHCI and LHCII) [128[129]. Until now a molecular structure for the FCPs
is not available, but a preliminary model (Figure has been developed by Wilhelm et
al. . It is based on the sequence analysis of the diatoms Phaeodactylum tricornutum
and C. cryptica and comparison to LHC proteins , as well as ultrafast transient
absorption measurements . Three transmembrane a-helices are predicted from se-
quence analysis, whereby the homology to LHC is significant, especially in the helices 1

and 3 [131].
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Chapter 2. FCPs and Isolated Carotenoids

2.3.1 Pigment Composition

Despite these similarities there are big differences in the pigmentation (Figure and
and pigment ratio of FCPs compared to LHCs. Like all cab-proteins they contain
Chl a but the accessory Chl b is replaced by Chl ¢ which has no phytyl chain. The
main carotenoid is the carbonyl containing fucoxanthin. The xanthophyll cycle pigments
diadinoxanthin and diatoxanthin are bound in substoichiometric amounts [126]132].
Fucoxanthin is responsible for the brown color of the cells and isolated antennas, since
upon binding to the protein its absorbance shifts bathochromic and occurs between
460 nm and 570 nm [64]. Usually LHCs bind much more chlorophyll than carotenoid
molecules, e.g. 14 chlorophylls and 4 carotenoids in LHCII complexes [30,31}133].
However, in FCPs the chlorophyll to carotenoid ratio is almost one with four chlorophyll
and four fucoxanthin molecules per monomer [129,(130}134].

In the preliminary model (Figure the pigments are included (except the xan-
thophyll cycle pigments) and arranged considering conserved binding sides and spectro-
scopic results [11,/130] with respect to LHCII. The Chl ¢ molecule has to be located
close to one of the Chl ¢ molecules because energy is transferred very fast to Chl ¢ upon
Chl ¢2 excitation [130]. Similar to the luteins in LHCII two of the four fucoxanthin
molecules are arranged parallel to helix 1 and helix 3. However, the other two fuco-
xanthin molecules are placed randomly since no structural informations concerning the
binding sites are available and the sequence of helix 2 is much less similar to LHCII than
helix 1 and 3 [11].

Similar to the solvent polarity dependence the absorption spectrum of fucoxanthin
shifts as a result of its specific environment within the binding pocket. Due to their
location and associated function in the protein individual fucoxanthin molecules have
different absorption maxima. Thus, they are classified as red and blue absorbing fucox-
anthins, respectively [42,64,(135]. Recent results obtained from resonance Raman spec-
troscopy even identified green absorbing fucoxanthin molecules and suggested a pigment
stoichiometry of actually 5-6 fucoxanthins per monomer [136]|. Nevertheless, within the
scope of this work only red (fx,¢q) and blue fucoxanthins (fxp,e) will be distinguished.

2.3.2 Oligomeric State - FCPa and FCPb

Two different FCP complexes (FCPa and FCPb, see Figure were isolated from C.
meneghiniana which differ in their polypeptide composition and oligomeric states [125].
From the related diatom C. cryptica the genes encoding FCPs were analyzed by Eppard
and Rhiel [124,/137]. The genes fepl, fep2, fep3, and fepd encode FCPs of about 18 kDa
and feps, fep6, and fep7 encode 19 kDa proteins. It is difficult to separate the different
FCP complexes since they are very similar in size, sequence, and pigmentation. However,
by means of gel filtration two fractions of FCPs with different oligomeric states were
obtained from C. meneghiniana by Beer et al. [12]. The trimeric FCPa consists of mainly
18 kDa proteins (Fcp2 polypeptides) and only small amounts of 19 kDa subunits (Fcp6
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Figure 2.10: Model of the two different assemblies of FCPs adopted from Biichel [125].
The trimeric FCPa is composed of 18 kDa and 19 kDa proteins and FCPb consists of
19 kDa proteins associated into higher oligomers.

polypeptides) whereas in case of FCPb exclusively 19 kDa proteins (Fepb polypeptides)
assemble into higher oligomers [12}|125].

To date there is no hard evidence for distinct functions of the two FCP complexes,
i.e. it is unclear if they function as a specific antenna for either PSI or PSII. Biochemical
studies complemented with spectroscopic methods by Veith et al. suggested that the
trimeric FCPa is associated with PSII whereas FCPb might be weakly bound to PSI
[138]. In addition, two quenching sites located in two different FCP complexes were
proposed based on time-resolved spectroscopic studies on intact cells of C. meneghiniana
and P. tricornutum [139]. According to the authors’ interpretation, one antenna (most
likely FCPa) stays attached to PSII. The other subpopulation is detached and forms
aggregates comparable to FCPb. However, this assignment still needs to be validated
by means of additional studies performed on the isolated complexes.

2.3.3 Growth Conditions - High Light and Low Light Cultures

To analyze the influence of the growth conditions on the polypeptide composition and
the pigment content C. meneghiniana was grown under high light (HL) and low light
(LL) conditions. As shown for C. cryptica by Oeltjen et al. [140] the mRNA levels of Fcp
polypeptides depend on the light intensity during the growth. In case of C. meneghiniana
the amount of other polypeptides relative to FCPs was higher in HL than in LL cultures.
Furthermore, under LL conditions the 18 kDa polypeptides are clearly dominant whereas
under HL conditions there is a slight shift in the 18 to 19 kDa ratio [12]. In addition,
HL and LL FCPs differ in their pigmentation (Figure[2.11)). Under both light conditions
FCPa binds slightly more fucoxanthin than FCPb. The xanthophyll content is higher in
FCPa compared to FCPb. The amount of diadinoxanthin (ddx) and diatoxanthin (dtx)
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Figure 2.11: Pigment stoichiometries of FCPa (HL: red, LL: orange) and FCPb (HL:
blue, LL: cyan). Pigment ratios are given in mol/(mol Chl a) as mean value + standard
deviation of 3-6 measurements, adopted from Beer et al. .

increases in the HL cells, which means that the deepoxidation ratio (dtx/(ddx-+dtx))
is influenced significant by the varying light conditions. The amount of diatoxanthin
increases by a factor of more than two in both FCPs accompanied with a growth of the

pool of xanthophyll cycle pigments only in FCPa [12,[141].

2.3.4 Sample Preparation - Isolation of FCPs and Carotenoids

All investigated FCP samples were prepared in the group of Prof. C. Biichel. Cyclo-
tella meneghiniana was grown under either HL (145 uE m~2 s~! of white light) or LL
(40 uE m~2 s71) conditions in a 16 h light / 8 h dark cycle for two weeks . For
preparation of the FCPs the cells were harvested by centrifugation and the thylakoid
membranes were isolated as described in Beer et al. ,,. In brief, cells were
disrupted and the membrane fraction was washed and then resuspended in a buffer con-
taining EDTA (ethylenediaminetetraacetic acid) to reduce chlorophyllase activity. The
thylakoids were solubilized and the proteins were separated with an ion exchange col-
umn attached to a FPLC (fast protein liquid chromatography) system. The fractions
were harvested and concentrated by means of Amicon filtration devices with a cutoff at
30 kDa. To analyze the oligomeric state of the different FCPs analytical gel filtration
was used. By means of analytical HPLC (high-performance liquid chromatography) the
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extracted pigments were separated and quantified to obtain their stoichiometries.

All measurements were carried out at room temperature. The FCPs were diluted
in a buffer with 25 mM Tris (tris(hydroxymethyl)aminomethane), 2 mM KCI, 0.03 %
B-DDM (n-Dodecyl-beta-D-maltoside) at pH 7.4 and adjusted to an optical density of
~ 0.9/mm at 671 nm with a concentration of 0.13 mg Chl @ mL~!. The investigated
carotenoids fucoxanthin, diadinoxanthin and diatoxanthin were either exctracted from
the isolated FCP complexes in the group of Prof. Claudia Biichel or bought from DHI
LAB products, Denmark. S-carotene was purchased from Sigma-Aldrich. All samples
including FCPs and carotenoids were closed airtight and stored at -20°C or -70°C. The
isolated carotenoids were diluted in various solvents with analytical purity and adjusted
to an optical density between 0.5-1.0/mm at the respective absorption maximum.
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Chapter 3

Experimental Methods - Theoretical
Background

A neutron walks into a bar and asks how much for a
drink. The bartender replies: "For you, no charge.”

(Dr. Dr. Sheldon Lee Cooper in
The Big Bang Theory)

To investigate biological processes such as the light reaction of photosynthesis or
the early steps in protein folding, which occur on time scales from femtoseconds up to
seconds, the use of several time-resolved methods is required. Time-resolved optical
spectroscopy as applied in this work enables the observation of dynamics in biological
molecules and larger systems, for example electron and energy transfer, excited state
lifetimes, and internal conversion. The pump-probe experiment is a common technique
to investigate absorbance changes upon excitation with time resolutions down to several
10 fs. To investigate fluorescence decays in the fs and ps time regime optical gating
techniques are widely used. In our group two methods, fluorescence upconversion and
Kerr-gating, are available.

3.1 Absorption and Fluorescence

Absorption spectroscopy investigates the interaction of the sample with electromagnetic
radiation. The energy of a photon taken up by matter is measured as a function of
frequency or wavelength. While absorption of infrared (IR) light (0.75 gm - 1000 pm)
leads to the excitation of molecular rotations and vibrations, absorption of light in the
visible (VIS, 400 nm - 750 nm) and ultraviolet (UV, 10 nm - 400 nm) spectral range
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induces the transition of valence electrons. If the photon energy of the incident radiation
is in resonance with a permitted transition of two molecular states, absorption is possible.
The energy of the photons is expressed by:

h-c

YT

=h-c- v (3.1)

where h is the Planck constant and ¢ the speed of light.

The Lambert-Beer law describes the intensity of absorption as the ratio of incident
(Ip) and transmitted light (I), that depends on the length of the sample d and the molar
concentration ¢ of the absorbing species. The absorbance A is defined as:

A(N) = log% =€¢\)-c-d (3.2)

The quantity € is called the molar absorption coefficient or extinction coefficient. It
is an intrinsic property of the investigated molecule and depends on the frequency of the
incident photons. The product €(A) - ¢ - d is called optical density OD and the ratio %
is named transmittance T'.

As mentioned before there are different types of transitions with specific selection
rules. A transition takes place if the transition dipole moment jy; given by

g = / i (3.3)

is nonzero. fi is the electric dipole moment operator and ; and ¢y the wave functions of
the initial and final state. According to the Franck-Condon principle, the excitation of an
electron into an electronic excited state occurs without changes of the nuclei positions.
In addition, transitions between states of different multiplicity M = 2S5 + 1 (S: angular
spin momentum) are spin-forbidden since the total spin is not conserved. Transitions
between two singulet states are allowed whereas transitions between singulet and triplet
states are forbidden. Furthermore, transitions are only allowed if they are accompanied
by a change of parity. Thus, for centrosymmetric molecules such as carotenoids u — ¢
(g: even symmetry, u: odd symmetry) and g — w transitions are allowed, but ¢ — ¢
and u — w transitions are forbidden (symmetry-forbidden) [143-145|.

Molecular processes which can occur in excited states are usually described in a
Jablonski diagram as shown in Figure [3.I] Following light absorption, several deacti-
vation processes can occur. Besides radiative and radiationless decays photochemical
processes, energy transfer, and electron transfer reactions are possible. The most com-
mon deactivation in condensed phase is a nonradiative decay as a combination of internal
conversion (IC), internal vibrational relaxation (IVR), and external conversion, in which
the excitation energy is converted to rotational, vibrational, and translational energy of
the surrounding molecules.
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Figure 3.1: Jablonski diagram illustrating processes that can occur after absorption.
IC: internal conversion, ISC: intersystem crossing, IVR: internal vibrational relaxation.

Excess energy can also be ejected as an emitted photon. Two types of emission can
be distinguished depending on the nature of the emitting excited state — fluorescence
from singlet states (S) and phosphorescence from triplet states (T). The return from the
lowest singlet excited state (S1) to the ground state (Sp) is spin allowed, thus emission
occurs rapidly and typical fluorescence lifetimes are on the nanosecond time regime.
For molecules in condensed phase the energy of the emitted photon is typically lower
than that of the absorbed photon (Stokes shift) due to the rapid nonradiative decay to
the lowest vibrational level of the S; state and solvation processes. Hence the emission
occurs from the S; vibrational ground state to higher vibrational levels of the Sg state.

Upon excitation into higher excited states the energy is dissipated radiationless in
about 107! s leading to the population of the lowest vibrational level of the S; state.
Therefore emission spectra are typically independent of the excitation wavelength. This
is known as Kasha’s rule [146] or mirror image rule since the emission spectrum usually
is a red shifted mirror image of the So — S; absorption. However, there are many
exceptions to this rule. For example, molecules such as polyenes emit from their Sy state,
since the S; — Sy transition is symmetry forbidden whereas the Sy — S transition is
strongly allowed.

Nonradiative transitions between states of different multiplicity enabled by spin-orbit
coupling (intersystem crossing) lead to the population of triplet states. Transition to
the singlet ground state is again only possible via spin-orbit coupling and therefore the
emission rates are much lower compared to fluorescence lifetimes resulting in phospho-
rescence lifetimes of milliseconds to seconds or even longer.
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3.1.1 Fluorescence Anisotropy

Regarding polarized fluorescence spectroscopy the anisotropy r is defined as:

Rt

= 3.4
Iy +2I, (34

r

with I being the intensity of the emission detected with parallel (||) polarization and
perpendicular (L) polarization with respect to the polarization of the excitation light.
Measurements with an angle of 54.7° between the polarizations of fluorescence and the
excitation light lead to an isotropic signal (see below) and is called the magic angle.

In unoriented samples (e.g. in solution) absorption of the polarized light is most
likely if the electric field vector of the incident beam and the molecular transition dipole
moment are oriented parallel and zero if they are oriented perpendicular to each other.
The probability for angles in between follows a cos?-distribution. Therefore fluorophores
with their transition dipole moment oriented along the vector of the incident light are
preferentially excited. In solution this photoselection decreases due to rotational diffu-
sion which depends on the size and shape of the rotating molecule (e.g. rotational time
constant =~ 14 ns for a 50 kDa protein) as well as on the viscosity of the solvent [147-H149|.

The average angular displacement between the absorption and emission transition
dipole moment can be determined by means of anisotropy measurements and calculated
with the following equation:

. % <3<c05225> — 1> (3.5)

where [ is the angle between absorption and emission transition dipole [149]. As men-
tioned before, measurements with magic angle conditions result in an isotropic signal,
since the term (3 cos? B, — 1) becomes zero.

The loss of fluorescence polarization by relaxation processes faster than the rotational
diffusion can be investigated by time-resolved anisotropy measurements. After initial
population of the excited states of fluorophores in parallel orientation, the anisotropy
value decays due to internal conversion and/or energy transfer processes. In case of
large molecules such as protein systems rotational diffusion is slow compared to the
investigated dynamics and can be neglected. To calculate the time dependent anisotropy
r(t) the fluorescence intensity I in equation has to be exchanged with the time
dependent fluorescence intensity I(t). Time-resolved anisotropy experiments can be
used e.g. to study energy and electron transfer processes [150-152].

The analysis of this time-dependent anisotropy decay is not only possible for time-
resolved fluorescence but also for transient absorption spectroscopy [153L{154]. The time
dependent anisotropy value r(¢) can be calculated analogous to equation by exchang-
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ing the fluorescence intensity I by the time dependent absorption changes AA(t):

(t) B AAH(t) — AAL(t)
"TAA () + 284, (1)

(3.6)

One has to consider that several contributions of a transient absorption spectra such
as excited state absorption and ground state bleach (see chapter all have their
own anisotropy. Thus, analysis of the anisotropy decay of an investigated transition is
only possible if it contributes in an isolated part of the transient spectrum. In congested
areas, where the different bands are overlapping an analysis is not possible [147].

3.1.2 Fluorescence Quantum Yields

Besides the fluorescence lifetime the quantum yield is probably the most important
property of a fluorophore. The fluorescence quantum yield ¢y is defined as the ratio of
emitted photons to absorbed photons.

Nem

bp =
! Nabs

(3.7)

To determine the fluorescence quantum yield a comparative method is usually em-
ployed. Determination of absolute quantum yields is much more complicated and needs
a great experimental effort [155-H157]. Both, emission and absorption rates have to be
determined very accurately and this requires the knowledge of specific instrumental pa-
rameters. However, for the comparative method the emission of the sample is compared
to the emission of a reference fluorophore with known quantum yield [149,158,[159|. For
this purpose the absorption and emission spectra of the reference and of the investigated
sample should be in the same spectral range. All spectra have to be recorded with
identical spectrometer adjustment. The fluorescence quantum yields can be calculated
as:

Iy ”301
Qb = ¢T‘ 3.8
d °f Ir@f n72“ef ( )

with I being the integrated fluorescence spectrum and n the refractive index of the
respective solvent. In this work absorption and emission spectra were recorded for the
sample and reference at different concentrations in a range where re-absorption can be
excluded (OD < 0.1 in a 1 cm cuvette). The integrated fluorescence was plotted against
the absorbance and the resulting slopes were used to calculate the fluorescence quantum
yield analogous to equation [3.8]
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3.2 Principles of Ultrafast Spectroscopy

In optical spectroscopy time resolutions down to picoseconds are possible using electronic
devices. The resolution is restricted mainly by the response time of the respective
detector. To observe time dependent absorbance changes in the order of nanoseconds
laser flash-photolysis can be used [160,/161]. Time correlated single photon counting
(TCSPC) is applied to determine fluorescence lifetimes with a time resolution down to a
few 10 ps [149,[162]. However, for a time resolution in the order of femtoseconds optical
techniques applying ultrashort laser pulses are required [13].

3.2.1 Pump-Probe Spectroscopy

Spectroscopic methods with high time resolution beyond the capability of electronic
detectors are usually achieved by means of the pump-probe technique (see Figure .
In short, an ultrashort laser pulse is split into a pump and a probe beam. The pump
pulse excites the sample into an electronic or vibronic excited state and triggers the
process of interest. The second beam monitors the initiated modification of an optical
property. To perform time dependent measurements the time delay between the two
pulses is modified by a variable delay line (see chapter .

The time resolution in such experiments is provided by the optical delay and mainly
depends on the pulse duration, hence ultrashort pulses in the fs time domain are required.
In many cases the spectral characteristics of the laser output is not suitable for both the

fs-Laser

Probe Pump
(Frequency (Frequency
Conversion) Conversion)

/ s
\ Detector

Variable Delay Sample

Figure 3.2: Scheme for pump-probe experiments.
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excitation of the sample and the probing of the respective process, so the laser frequency
has to be adjusted using nonlinear optical effects. Thus, the following sections address
the basic principles of nonlinear optics, the generation of ultrashort laser pulses, and
techniques for wavelength conversion used within this work. It is a short summary of
the comprehensive information found in the cited books [163H167].

3.2.2 Nonlinear Optics
Polarization and Electric Field

In linear optics light propagating through a given material is delayed compared to speed
of light in vacuum but its frequency remains unchanged. The dielectric polarization
P(F) depends linearly on the electric field E:

P=cxV-E (3.9)

where x(V is the linear susceptibility and €y the permittivity of free space. However,
sufficiently intense light modificates the optical properties of a material, i.e. the response
of the material to a high electric field depends in a nonlinear manner on the strength of
the field and quadratic and cubic terms of the susceptibility x can no longer be neglected.
This nonlinear response can be described by a Taylor expansion of the polarization:

—

P(E) = e [X@E + (X@)E) B+ ((X<3>E) E) E’] (3.10)

with the nonlinear susceptibilities x(™ in the order of x™" ~ 1, x® ~ 107%m - V1,
Y3 ~ 107 7em? - V2. Because Y <« (D) higher-order terms only play a role in
case of extremely high field strength, as for example obtained for ultrashort laser pulses.
The contributions of the higher-order terms give rise to interactions of light beams in a
medium resulting in new frequencies. The oscillating, induced atomic dipole moments
affected by the incident light E(w) are the origin of new electromagnetic waves whose
frequency spectrum is determined by that of ﬁ(ﬁ) As an example one can consider the
incident light as a superposition of two electromagnetic waves with the frequencies w
and wsy propagating in Z-direction:

E = E) cos(wit + k12) 4 E cos(wat + ko 7) (3.11)

Due to cos?z = 1(1 + cos(2x)) the quadratic term in equation then contains
the following frequencies:
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—

PA(w) = exPEE? (3.12)
+ eox? [E% cos(2wit 4 2k1 Z) + E32 cos(2wat + 2%25)}

+ eox? [ElEg cos ((W1 + wo)t + (k1 + /;2)2_')}

+ eox? |:E]_E2 oS ((w1 — wa)t+ (k1 — EQ)’?)}

assuming that only the first nonlinear term in equation contributes. The nonlinear
polarization P (w) contains a constant term independent of frequency (optical rectifi-
cation), terms with 2w; and 2ws describing the second harmonic generation (SHG) of
each input frequency, and terms corresponding to the sum frequency generation (SFG,
w1+ws) and the difference frequency generation (DFG, w1 —ws), respectively. Depending
on the experimental conditions certain processes can be very efficient. Phenomena such
as the quadratic electro-optic effect (Kerr-effect) and third harmonic generation (THG)
are third-order interactions. The light intensity, the choice of the nonlinear medium,
and the polarization of the incident light are crucial to enable the described processes.

Phase matching in anisotropic media

Isotropic media have no preferred direction, thus the susceptibility is a scalar quantity
and the speed of light is independent of its polarization. In anisotropic media such
as birefringent crystals the propagation speed of light depends on its polarization and
the orientation of the crystal. Commonly used nonlinear media are e.g. S-bariumborat
(B8-BBO) or lithium triborate (LBO) crystals which have high damage thresholds.

To be efficient most nonlinear processes such as frequency doubling and parametric
amplification require phase matching of the waves, i.e. a constant phase relationship
along the propagation direction. This means conservation of momentum (%3 =k + Eg)
and energy (fws = hw; + hwy). The phase mismatch is given by

- - - - n n n
Ak = F3(ws) — ky(wi) — kp(ws) = — — L — 2 (3.13)

Anisotropic materials can be applied to avoid phase mismatch by modulation of
the phase velocity based on the polarization dependence of the refractive index. Biaxial
crystals with three different refractive indices (ng, ny, n.) are distinguished from uniaxial
crystals with only two different refractive indices (n, = n, # n.). In praxis the latter
are more important. They contain a symmetry axis called the optical axis. Incident
beams with their polarization oriented perpendicular with respect to the optical axis
are termed ordinary beams with the refractive index ng. The refractive index n. of an
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extraordinary beam depends on the angle 6 between the optical axis and the propagation
direction of the beam. Due to the different refractive indices ng and n. of the ordinary
and the extraordinary beam phase matching can be achieved by varying the angle 6.

In principle, type I and type Il phase matching are distinguished. Type I phase
matching means that the two beams with lower frequency have the same polarization. In
case of type I phase matching the polarization of the two beams is oriented perpendicular
to each other. The type of crystal determines whether the involved waves are ordinary or
extraordinary beams. One can differentiate between positive uniaxial crystals (n. > ng)
and negative uniaxial crystals (n. < ng) such as 5-BBO used in this work. Phase
matching can be achieved for both collinear and noncollinear geometries of the incident
beams. If the phase matching angle is adjusted correctly, all waves are exposed to
the same refractive index resulting in positive interference and fulfilled phase matching
conditions. However, dispersion leading to a group velocity dispersion mismatch (see
below) limits the process to a certain bandwidth.

Group-Velocity Dispersion

Group-velocity dispersion (GVD) is defined as the frequency dependence of the group
velocity in a medium. This phenomenon is responsible for a dispersive broadening of
pulses propagating through a medium causing a temporal stretching of the pulse. In
case of ordinary dispersion this effect is named positive chirp, i.e. long-wavelength com-
ponents propagate faster compared to the short-wavelength components. The opposite
process is called negative chirp and occurs in case of anomalous dispersion.

If the pulses propagate through optical elements GVD occurs, which can be com-
pensated by a composition of prisms or gratings causing a negative chirp. In case of the
utilized setups a prism compressor was used to compress the excitation pulses as well as
the gate pulses down to several 10 fs (see chapter . In addition, this principle is
used in the chirped pulse amplification (see chapter .

Quadratic Electro-Optic Effect

The modification of the refractive index n of a medium caused by a strong electric
field is called Kerr-effect or quadratic electro-optic effect [167]. Along the polarization
direction of the applied electric field birefringence is induced and the refractive index
change is proportional to the square of the electric field strength. For this third order
nonlinear process the applied materials usually are isotropic, whereby the second order
susceptibility and resulting processes such as SHG are eliminated due to destructive
interference. Assuming a temporally variable electric field (e.g. an ultrashort pulse), the
nonlinear, intensity dependent refractive index is given by:

29



3.2. Principles of Ultrafast Spectroscopy

n(l,r,t) =ng+n2l(r,t) =ng + An(r,t,I) (3.14)

where I(t) is the intensity of the electric field, ng is the refractive index in the absence
of the electric field, and An = n; — n| is the difference between the ordinary and
the extraordinary refractive index with respect to the polarization of the so called gate
pulse. Intense laser pulses can cause an instantaneous response of the Kerr medium.
Ultrashort pulses open the gating medium only a very short time period and thus make
it a powerful technique for time-resolved spectroscopic experiments in the femtosecond

time regime (see chapter and [4.1.2)).

3.2.3 Generation of Ultrashort Pulses

Ultrashort pulses are a basic requirement for time-resolved spectroscopic techniques
in the femtosecond time domain. Methods for the generation of ultrashort pulses are
described in detail in several review articles and textbooks [164}(165,/168-170]. In the
following section important terms and definitions are described.

The Heisenberg uncertainty principle states that the pulse duration is connected with
the band width:

AwAt > 1 (3.15)

The lower limit of the pulse duration depends on the optical spectrum of the pulse.
A pulse at this limit with the minimal spectral width is called Fourier transform or
bandwidth limited. Therefore, for short pulse generation, laser media with a sufficient
bandwidth are required, e.g. a titanium-doped sapphire (Ti:Sa) with a broadband fluo-
rescence between 690 nm and 1080 nm. With its broad absorption band (450-600 nm)
it can be pumped by several lasers such as Argon-lasers and frequency doubled Nd:YAG
lasers. Q-switching, cavity-dumping, and mode-locking are techniques to reduce the du-
ration of the laser emission compared to the excitation [169]. Active and in particular
passive mode locking enables the generation of ultrashort pulses.

Mode Locking

In a ‘free-running’ laser all modes are oscillating independently with random phases.
This results in a laser output with no regular temporal structure. If all or some of the
modes are in phase they will interfere constructively and produce a short intense laser
output (‘coherent spike’). Oscillation of all laser modes in phase, i.e. locking them
together, can be achieved by the so called mode locking. Phase mismatching has to
be disabled so that all modes interfere constructively every round-trip in the resonator.
Thus, the laser output becomes temporally well defined due to a fixed phase relationship
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between all modes. As mentioned before, the larger the number of frequencies involved,
the shorter the emitted pulse can be [169).

In mode-locked lasers the resonator contains either an active component (an opti-
cal modulator) or a passive element (e.g. saturable absorber, Kerr-lens). Active mode
locking uses external signals e.g. from an acousto-optic or electro-optic modulator modu-
lating the optical properties of the laser resonator. If the periodic modulation is synchro-
nized with the resonator round trips all modes can be locked. While the reproducibility
of the pulses formed by active mode locking is better compared to passive mode locking
the latter enables the generation of even shorter pulses.

The laser emission itself modulates the optical properties of a nonlinear material
within the laser resonator in case of passive mode-locking. In principle, short pulses with
high intensity are amplified and weaker pulses are suppressed by the passive medium.
For example absorbers with a nonlinear saturation behavior are more transparent with
increasing pulse intensity. Fluctuations with higher intensities are less absorbed whereby
locked modes are amplified every round-trip [171-173]. Kerr-lens mode locking is another
passive technique which enables the generation of pulses down to 5 fs in Ti:5Sa lasers. The
application of a medium with a nonlinear intensity dependent refractive index results in
self-phase modulation as well as self-focusing [174}|]175].

Chirped Pulse Amplification

Due to the damage threshold of the resonator materials the intensity of the outcoupled
pulses is restricted. However, in many cases amplifiers are needed to increase the in-
tensity of the weak ultrashort pulses. In an amplifier the peak intensities of ultrashort
pulses can become very high resulting in distortion or destruction of the gain medium
or other optical components. This can be prevented by means of chirped pulse amplifi-
cation (CPA), which is a common technique to amplify ultrashort laser pulses [1764177].
To avoid damage, the pulses are chirped and therefore temporally stretched by means
of a stretcher, e.g. a prism pair, a grating pair, or a long fiber. Thus, the peak power
is reduced and the stretched pulses can be amplified in another laser resonator. After
the amplification process the compressor with opposite dispersion removes the chirp and
compresses the pulses.

Characterization of Ultrashort Pulses

Typically, short events are characterized by means of a shorter event. Unfortunately,
there are usually no shorter events available than the femtosecond laser pulse itself.
Hence nonlinear autocorrelation techniques are applied to characterize ultrashort pulses,
where the short pulse measures itself [169}/178]. A widely used technique is the second
harmonic autocorrelation to measure the time dependent intensity profile of an ultrashort
pulse. Therefore the pulse is split into two sub-pulses and one part is then delayed with
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respect to the other. A nonlinear optical effect, e.g. SHG, is used to generate an optical
signal which is proportional to the product of the two incoming electric fields. The
intensity of the detected signal depends on the temporal overlap of the two sub-pulses.
The power of the mixing product is recorded as a function of the varied path length
of one sub-pulse. From the width (Gaussian FWHM) of the autocorrelation signal the
actual pulse duration can be calculated assuming a Gaussian pulse shape for the input
signals as well as the output signal (see chapter .

3.2.4 Methods for Wavelength Conversion
Second Harmonic Generation, Sum and Difference Frequency Generation

Second harmonic generation (SHG) is a second order nonlinear process (see chapter
which occurs only in crystals without inversion center. Two incident photons with
the same frequency w create a photon of doubled frequency 2w under conservation of
momentum and energy.

Just as SHG sum and difference frequency generation are second order nonlinear
optical processes. Two incident photons of the frequencies w; and wo interact in a
nonlinear medium to generate a third photon with either the sum (w3 = w; + w2) or
difference (w3 = w1 — wa) frequency. At least one of the beams has to be intense and
because the process requires efficient phase matching, usually there is no simultaneous
SFG and DFG. SFG is utilized in the upconversion technique to achieve femtosecond
time resolution of fluorescence decay measurements (see chapter 4.1.3).

Optical Parametric Amplification

Parametric conversion enables the generation of light with tunable wavelengths by means
of second order nonlinear processes. Photons of the intense pump beam (7w,) are split
into signal (hws) and idler (Aw;) photons with lower energy in accordance with the energy
conservation hw, = hw,s + hw;. Underlying process is the DFG, i.e. the photon energy
of the signal is the difference between the energies of pump and idler wave.

Optical parametric amplification can be achieved if a weak seed photon is superim-
posed with a pump photon of much higher intensity and frequency within the nonlinear
crystal. The latter can cause parametric fluorescence due to the generation of several
pairs of signal and idler with sufficient phase matching conditions. The frequency of
the amplified signal is determined by the frequency of the seed pulse and as mentioned
before the idler frequency corresponds to the difference between the frequencies of the
seed and the pump. Usually, the seed photons are obtained from a supercontinuum
generated in a suitable medium (see below).

The propagation direction of all waves is determined by phase matching conditions
and conservation of momentum. In case of collinear alignment of all involved beams the
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corresponding setup is called optical parametric amplifier (OPA) [179,|180] whereas in
noncollinear optical parametric amplifiers (NOPAs) pump and seed wave arrive at the
crystal with a certain angle to each other [181-183]. With the same phase matching
angle several wavelengths can be amplified by simultaneous phase matching in a large
frequency range. To be able to obtain variable excitation pulses in the visible spectral
range usually a NOPA is used which is described in detail in chapter £.1.2] A two stage
OPA was built to generate gate pulses in the NIR spectral range for the Kerr gating
technique (see also chapter [4.1.2)).

White-Light Generation

To convert the fundamental laser wavelength to pulses with a broad spectral bandwidth
white-light generation (or supercontinuum generation) in different media (e.g. sapphire
and CaFj) can be used. The mechanism of this nonlinear process is not completely
understood yet. A short laser pulse is focused on the transparent solid and self-focusing
as well as self-phase modulation are part of the complex processes broadening the spec-
trum [184-186|. The high electric field distorts the charge distribution in the nonlinear
medium that affects phase, amplitude, and frequency of the incident wave (self-phase
modulation). Self-focusing due to the intensity dependent refractive index gives rise
to further nonlinear processes [187-189]. Recent results from Dachraoui et al. con-
firmed that phenomena such as Kerr nonlinearity, plasma generation, group-velocity
dispersion, diffraction, and self-steepening of the pulse front spatiotemporally modify
the pulse shape [190]. The spectral properties of the generated white-light continuum
are influenced by four-wave mixing, stimulated Raman or Brillouin scattering, and the
band gap of the applied material [191,]192]. In this work white-light generated in solid
media was used as seed wave for optical parametric amplification (chapter as
well as for spectrally broad probe light in the transient absorption experiments (chapter
1.2.2)).

3.2.5 Time-Resolved Fluorescence Techniques
Time Correlated Single Photon Counting

The time correlated single photon counting (TCSPC) principle relies on the determina-
tion of the time delay between excitation of the sample and subsequent emission of a
photon (Figure. It is based on the repeated detection of single photons, the measure-
ment of their detection time, and the reconstruction of the time dependent fluorescence
signal [149,[193H195].

A short laser pulse excites the sample and triggers the photon counter via a pho-
todiode simultaneously. The emitted photons are collected and guided to the detector
whereas the excitation beam is blocked. Usually in front of the detector a monochroma-
tor is used to spectrally separate scattered excitation light from the fluorescence. The
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Figure 3.3: Principle of the TCSPC technique. A short laser pulse excites the sample
and simultaneously triggers a photon counter. The collected fluorescence photons are
detected as single events by a photomultiplier tube (PMT), which sends a stop signal to
the photon counter. The detected photons are then displayed correlated to their detection
time resulting in a histogram.

most common detectors for signals with low intensity are photomultiplier tubes (PMT).
Upon the arrival of a single photon the produced current is multiplied and a halt signal
is sent to the photon counting card. Here the photons are collected as an event in a
memory location correlated to the time difference between trigger signal and detection
time. After repeating this process numerous times a histogram of the number of de-
tected photons versus detection time can be generated which represents the temporal
fluorescence behavior of the excited sample.

It is important to have a low fluorescence signal, since the PMT does not distinguish
between the arrival of one or more photons and also needs a recovery time before it is
able to detect the next photon. Thus, the probability to detect one photon after each
excitation pulse should be very low. For a probability of 1 % or less the chance to detect
two photons as one event is negligible (<0.01 %). In case of higher counting rates the
obtained histogram is distorted to shorter times. Most TCSPC setups are performed
in ‘reverse-mode’ where the fluorescence photon triggers the photon counter and the
subsequent excitation pulse serves as the halt signal.

The duration of the excitation pulse and the dead time range of the detection system
limit the time resolution of TCSPC experiments. In case of fs laser pulses the latter
limitation is crucial. Time resolutions of several 10 ps are possible with high demands
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for the electronic devices and the stability of the measurement conditions. It is important
to keep in mind that the measured intensity decay is convoluted with the instrument
response function (IRF). The IRF contains information about the time characteristics of
the whole measurement system including the rise time of the detector. Before analysis
of the actual kinetics deconvolution with the IRF has to be performed.

Optical Gating

Optical gating techniques are implied to improve the time resolution restricted by the
electronic detection systems. In contrast to transient absorption spectroscopy in tran-
sient fluorescence techniques the probe pulse does not pass the sample but is required for
an additional procedure called optical gating [196-198|. Thus, the probe pulse is called
'gate’ pulse. The emitted fluorescence photons are collected and focused on a suitable
gating medium. The optical gating device only gains its functionality if the gate pulse
is present, which alters the optical properties of the gating medium. In case of absence
of the gate pulse the fluorescence can not pass the gating device. The latter is opened
by temporal and spatial overlap of fluorescence light with the ultrashort gate pulse. So
the gated fluorescence photons can be detected as a function of the delayed gate pulse.
A scheme of the optical gating process is shown in Figure As shown in the inset,
the intensity of the gated light depends on the intensity of the fluorescence. Hence the
time dependent signal intensity of the gated light resembles the temporal behavior of
the collected fluorescence. Within the scope of this work two optical gating techniques
were used — fluorescence upconversion and Kerr gating.

In case of fluorescence upconversion the gating medium is a nonlinear crystal [198-
200], e.g. a BBO crystal with a cutting angle depending on the fluorescence wavelength.
The high intensity of the gate pulse enables frequency conversion via SFG. Photons with
sum frequency (wsrg) are generated only if gate pulse (wgqse) and fluorescence photons
(wyr) overlap temporally and spatially in the crystal with phase matching condition:

WSFG = Wgate + Wi (3.16)
ksra = kgate + k1 (3.17)

By means of a delay stage the gate pulse is delayed with respect to the excitation
beam. Due to the SFG a temporally selected part of the fluorescence is separated
spectrally from the rest of the fluorescence. A monochromator is adjusted for the sum
frequency hence fluorescence photons are not detected if they are not upconverted.

Only a very small part of the spectral range of the fluorescence light can be gated
simultaneously since phase matching conditions are required for the SFG. The frequency
range is restricted by the cutting angle and thickness [ of the crystal [201]:
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Figure 3.4: Principle of optical gating. An ultrashort laser pulse is used to change the
properties of the gating medium. Fluorescence can only propagate through the gating
device if it is superimposed spatially and temporally with the gate pulse in the gate
medium. The detected gated fluorescence photons resemble the temporal behavior of the
fluorescence when displayed with respect to the delay of the gate pulse.

chxl.<v(c - C) (3.18)

l wsra)  v(wg)

with v(w) the group velocity of light in the medium. The use of very thin crystals
(I < 0.1 mm) with low dispersion and gate pulses converted to the NIR spectral region
allows upconversion of fluorescence in a wide frequency range [201-203|. However, the
quantum efficiency of the upconversion process depends on the interaction length of the
light pulses in the crystal. With decreasing pathlength in the crystal the efficiency also
decreases. The time resolution basically depends on the pulse duration of the excitation
and the gate pulses and the dispersive elements in the setup.

In the Kerr gating technique the BBO crystal is replaced by an isotropic Kerr medium
that can be a gas, a liquid, or a solid [204-206]. It is placed between two crossed
polarizers. The fluorescence is collected and after passing through the first polarizer
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propagates through the Kerr medium. If the gate pulse is absent the fluorescence is
blocked by the second polarizer. Focusing the gate pulse into the Kerr medium induces
strong anisotropy and it becomes birefringent. Due to the modulation of the refractive
index the linearly polarized fluorescence alters to an elliptical polarization in case of
spatial and temporal overlap with the gate pulse. Maximal elliptical polarization can be
achieved for an angle of © = 45° between the polarization of the fluorescence and the
polarization of the gate pulse [206,[207]. A part of the elliptical polarized light can pass
the second polarizer and can be detected.

In contrast to the upconversion technique (X(Q) process) the Kerr effect is based on
a third order nonlinear process. The nonlinear susceptibility ¥ is proportional to the
nonlinear part of the refractive index ny. Upon interaction with a short laser pulse with
the intensity I(r,t) the second order susceptibility x? is correlated to the temporal
modification of the refractive index n(I,r,t) (see equation [3.14). The external field
induces a difference between the ordinary and the extraordinary refractive index relative
to the polarization of the gate pulse |208].

Like in the upconversion process the time resolution depends on the pulse duration
of both excitation and gate pulse and the dispersive elements in the setup. In addition,
the angle between the polarizations of the gate pulse and the fluorescence light and the
characteristics of the Kerr medium influence the time resolution. The gating efficiency
T is defined as the ratio of gated fluorescence per time unit to the total fluorescence
arriving at the Kerr medium:

T — sin?(20) - sin2(%<p(r, ) (3.19)

where ¢(r,t) = 2rAn(r,t, 1)/ s is the induced phase shift between the ordinary and
the extraordinary part of the fluorescence light with the wavelength A induced in the
Kerr medium with pathlength . For © = 45° and a small phase shift ¢(r,t) the gating
efficiency can be approximated by:

Tra?ng 1P 12,0/ N (3.20)

Thus, the efficiency of the Kerr gating process is proportional to the square of the
product of the intensity of the gate pulse Iyute, the nonlinear refractive index ng, and
the pathlength [ of the Kerr medium as well as inversely proportional to the square of
the wavelength Ay, In contrast to the upconversion the Kerr process enables to gate
the whole frequency range of the fluorescence simultaneously. It is just delimited by
the transmission properties of the applied optical elements and the characteristics of the
detection unit.

There are different requirements for the characteristics of the Kerr medium. The
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induced anisotropy should follow the electric field of the gate pulse instantaneously.
The GVD as well as the background induced by the gate pulse should be as low as
possible. A high gating efficiency and transparency from the UV to the NIR spectral
region is required. These parameters are important for a high temporal resolution and
a good signal-to-noise ratio. In liquids and gases orientation and relaxation of the
molecules upon interaction with the gate pulse lasts picoseconds resulting in a poor time
resolution [209]. In solids the induced anisotropy mainly generates a displacement of the
electrons. A contribution of the nucleus is negligible [210]. This instantaneous response
of the electrons permits time resolutions < 100 fs. Glasses with a nonlinear refractive
index ng seem to be a good choice. However, they also have a high dispersion in the
VIS spectral range [210]. Hence, fused silica is a suitable Kerr medium in spite of its
low nonlinear refractive index no. The gating efficiency lies between 1-4 % depending
on the pathlength of the medium [208].
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Chapter 4

Experimental Setups

Marty McFly: Wait a minute, Doc. Ah... Are you
telling me that you built a time machine... out of a
DeLorean? Dr. Emmett Brown: The way I see it,
if you’re gonna build a time machine into a car, why
not do it with some style?

(Back to the Future)

In the following chapter all setups are depicted used for time-resolved spectroscopic
measurements of FCPs and isolated carotenoids during this thesis. The first part focuses
on time-resolved fluorescence techniques. The Kerr-gating setup for broad band time-
resolved fluorescence spectra is described. It was designed and built within the scope
of this work, hence single parts e.g. NOPA, OPA, and prism compressors are depicted
in detail. The following section considers the combined TCSPC/upconversion setup
designed by Ute Forster which was implemented during this thesis. A short summary
of the transient absorption experiment and the data analysis is given next. Most of the
depicted data in the chapters[5] [6] and[7]resulted from these pump-probe measurements.
Finally, the home-made autocorrelator to characterize ultrashort pulses is described.

4.1 Time-Resolved Fluorescence Spectroscopy

The inherent sensitivity of fluorescence signals provides a useful alternative for probing
excited state dynamics. In case of carotenoids there are difficulties including the low
quantum yields and fluorescent impurities of the samples. However, with sufficiently
pure samples e.g. obtained by HPLC (high-performance liquid chromatography) upon
excitation with laser pulses for efficient pumping the weak emission from carotenoids
can be detected by sensitive detectors [211},212].
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Figure 4.1: Scheme of the Tsunami-Spitfire laser system.

As mentioned before, for time-resolved fluorescence measurements in principle two
techniques are widely used: time correlated single photon counting for a time resolution
from a few 10 ps up to us, and optical gating which enables time resolutions down to
the sub 100 fs time domain. The latter includes the upconversion and the Kerr gating
technique which were both implemented during this work.

4.1.1 The Tsunami-Spitfire Laser System

All time-resolved fluorescence measurements were performed with a Tsunami-Spitfire
system from Spectra-Physics [213H216]. Short pulses from the oscillator are amplified
by means of chirped pulse amplification. A scheme is shown in Figure (.1

The Millennia laser medium is a Nd3T-doped yttrium vanadate crystal (Nd:YVOy,)
pumped by a diode laser. The Millennia output (cw, 532 nm, 5 W) pumps the Ti:Sa laser
oscillator T'sunami which emits pulses with a pulse length of about 80 fs at a repetition
rate of 80 MHz by combination of active and passive mode locking and compensation
of the GVD. Using a prism sequence and a variable slit the Tsunam: wavelength can
be tuned between 720 nm and 850 nm. The Spitfire Pro system amplifies the output
of the oscillator by means of CPA (see chapter . The pulses are coupled into the
Spitfire where first of all they are temporally stretched. The energy of these pulses is
then increased by passing them through the amplifier. The Q-switched pulsed Empower
laser (Nd:YLF, 527 nm, 1 kHz, 10 W) pumps the Ti:Sa amplifier which is then able
to amplify the pulses. By means of Pockels cells the timing of in- and outcoupling of
the pulses is achieved. The repetition of Pockels cell switching is synchronized on the
repetition rate of the pump pulse (from the Empower). Hence the amplified pulses with
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Figure 4.2: Experimental setup of the Kerr gating experiment (see text for details).

energies of &~ 1.2 mJ have a repetition rate of 1 kHz. Afterwards they are compressed
again and can be characterized by an autocorrelation measurement (see chapter |4.3)).

4.1.2 The Kerr-Shutter Setup

A scheme of the complete Kerr gating experiment is shown in Figure The design
is based on the work of Bernhard Schmidt and Bjérn Heinz [208,217]. A beam splitter
is used to split the laser fundamental into the excitation and gate pulse. In principle,
excitation of different samples is possible with the laser fundamental or the second
harmonic generated in a BBO. To be able to examine a variety of samples additional
wavelength regions have to be accessible. This is realized by means of the noncollinear
optical parametric amplifier (NOPA) described in detail below.

In case of the upconversion experiment the laser fundamental directly serves as the
gate pulse. In the Kerr gating technique applying the laser fundamental as the gate pulse
would lead to a high background signal since the CCD camera is sensitive for wavelengths
up to 1000 nm. Scattered gate light collected from the third microscope objective and
guided to the detection system would disturb the fluorescence measurements. Thus,
the gate pulse is converted to the NIR spectral region by means of a two stage optical
parametric amplifier (OPA, see below). The use of a prism compressor for the NOPA
and the OPA output, respectively, allows to considerably reduce the pulse durations and
thus to improve the temporal resolution of the experiment.
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Figure 4.3: Wavelength dependent reflection of the blazed gratings for nonpolarized
light, taken from [218|. In the described setup the spectrograph model SpektraPro 2358
includes a 300 nm, 500 nm, and 800 nm blazed grating.

For the Kerr gating experiment a flow cell is used and a minimal sample volume of
~ 500 pL is required. The sample thickness is 0.5 mm and the flow rate is regulated
in order to exchange the sample volume for each excitation pulse. After excitation of
the sample the fluorescence is collected by means of a reflecting Cassegrain microscope
objective (Modell 5002-000, Davin Optronics) with a numerical aperture of 0.5, 13.41 mm
focal length, and 23.2 mm working distance. Due to the Cassegrain reflector dispersion
of the emitted light can be avoided and the excitation beam is blocked automatically
at the front of the microscope body. The collimated fluorescence propagates through a
first wire grid polarizer (PPL04, Moxtek) on fused silica with a substrate thickness of
0.7 mm and 1:1000 extinction for A > 350 nm. The linearly polarized fluorescence is then
focused into the Kerr medium with a second identical microscope objective. As Kerr
medium fused silica (Suprasil, Heraeus, 1 = 0.2-1.0 mm) was chosen. The instantaneous
response of the electrons in solid Kerr-media permits time resolutions < 100 fs. In spite
of its low nonlinear refractive index nsg, fused silica is a suitable Kerr medium due to
the low dispersion in the visible spectral region and the very weak background signal
compared to glasses with a higher nonlinear refractive index. The gating efficiency lies
between 1-4 % depending on the pathlength of the medium [208].

The compressed gate pulse first passes a optical delay stage (M-531.DD, Physik
Instrumente, 0.1 gm min. incremental motion, 306 mm travel range) that allows to delay
the gate pulse with respect to the excitation pulse. Then it propagates through a half
wave plate (Laser Components, 1100-1300 nm) turning its polarization. As mentioned
before, an angle of 45° between the polarization of the gate pulse and the polarization
of the fluorescence yields the highest gating efficiency. A telescope system (f; = 100 cm,
fy = -50 cm) is used to focus the gate pulse into the Kerr medium.
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Figure 4.4: Spectral sensitivity if the liquid nitrogen cooled CCD camera, taken
from [219]. The applied model Spec-10:400B (blue line) is back illuminated and has
an additional UV coating.

The gate pulse is lead to the Kerr medium collinearly with respect to the fluorescence
by placing a small silver coated mirror (Photonics, d = 4 mm) right behind the second
microscope body. A pinhole and a camera are used to adjust the spatial overlap of the
fluorescence with the gate pulse. A third identical microscope objective collects and
collimates the fluorescence again after propagating through the Kerr medium. Here the
gate pulse is blocked automatically by the microscope body. Right behind this objective
a second wire grid polarizer orientated perpendicular with respect the first one blocks the
linearly polarized fluorescence. However, gated fluorescence with elliptical polarization
due to the interaction of the gate pulse with the medium can pass the second polarizer.
Two silver coated mirrors and a lens (f = 40 mm) are used to guide the gated fluorescence
into the spectrograph (SpektraPro 2358, Acton Research, f = 300 mm). It is equipped
with three gratings with maximum reflection at a wavelength (blaze) of 300 nm, 500 nm
and 800 nm, respectively (see Figure. The dispersed light is then detected by means
of a CCD camera (Spec-10:400B/LN, Princeton Instruments) which is cooled with liquid
nitrogen. The quantum efficiency curves, i.e. the spectral sensitivity of the detector is
shown in Figure 4.4, With this setup fluorescence spectra in a wavelength range from
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4.1. Time-Resolved Fluorescence Spectroscopy

about 200 nm to 1080 nm can be analyzed with a time resolution of ~ 100 fs.

The Kerr gating experiment can be controlled by a program based on LabVIEW.
The program was written by Peter Trojanowski during his diploma thesis [220|. Here
the synchronization and control of the delay stage and the CCD camera is realized. The
steps of the delay stage can be either linear or logarithmic and the observed temporal
range can be adjusted. Usually the software WinSpec from Roper Scientific is used
to adjust the parameters of the CCD camera. Active-X enables the access to this
software via the LabVIEW program. Thus, the exposure time, the number of spectra and
accumulations, the wavelength range, and the binning of single channels can be adjusted.
Only the blazed gratings have to be adjusted with an external program provided by the
manufacturer.

NOPA — Generation of Excitation Pulses

The application of a NOPA provides excitation pulses in the VIS (470-700 nm, signal)
and NIR (900-1200 nm, idler) spectral region. In combination with SFG of the NOPA
signal and the laser fundamental the generation of excitation pulses in the UV (290-
365 nm) is also possible. The NOPA built for the Kerr gating experiment (Figure is
very similar to those in the upconversion and transient absorption setup [181,221-224].

By means of a beam splitter (BS) the fundamental light with an energy of ~ 200 uJ
is split into pump and seed pulse. The bulk of the incident light (=~ 99 %) is used
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SMA BBO
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2_2":“”1 r=50cm 1=2mm

Signal: 470-700 nm
Idler: 900-1200 nm

M2
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]
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Figure 4.5: Experimental arrangement of a noncollinear optical parametric amplifier.
BS: beam splitter; M1: HR 400 nm; M2: HR 800 nm, SM1: spheric mirror, HR 400 nm,
r = 50 cm; L1-4: lenses.
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for the SHG process. After passing a telescope system (f = 150 mm, f = -50 mm)
to reduce the beam diameter the second harmonic was generated by means of a BBO
crystal (¢ = 28.5°,1 = 0.5 mm, type I). Residual fundamental light was cut off by using
mirrors high reflecting (HR) for 400 nm after the SFG-BBO crystal. A spherical mirror
(HR 400 nm, r = 50 c¢m) placed below the usual beam height (14.5 cm) was used to
guide the second harmonic to the NOPA-BBO crystal (¢ = 29°, 1 = 2 mm, type I) with
its focus right before the crystal. From the crystal parametric fluorescence is emitted.

The seed pulse is generated from the reflection of the beam splitter (~ 2 pJ). After
passing a manually controlled delay stage and a gradient neutral density filter, a lens
(f = 100 mm) focuses the beam into a sapphire plate (1 = 2.3 mm) for supercontinuum
generation [184,]191,225]. Due to this process the laser fundamental is spectrally and
temporally broadened and white light with a positive chirp is generated. A second lens
(f = 30 mm) focuses the seed pulse right before the NOPA-BBO crystal for amplification.
Here it has to be spatially and temporally overlapped with the pump pulse. Pump and
seed arrive at the BBO crystal noncollinearly with an angle of 3.7° between the two
beams. Hence phase matching conditions can be achieved for all wavelengths (signal
and idler) with the same BBO crystal. That allows easy tuning of the NOPA over a
wide spectral region. Figure shows a scheme of the NOPA as applied in the various
setups. Due to the much longer pulse duration of the seed pulse the desired NOPA
wavelength can be chosen by varying the delay time between seed and pump pulse.
Another lens (f = 100 mm) is used to collimate the NOPA output. The pulse duration
of the NOPA output can be reduced by means of a prism compressor to ~ 30-50 fs (see
1.1.2)).

Two Stage OPA — Generation of the Gate Pulse

About 250 pJ of the laser output are used to generate the gate pulses by means of optical
parametric amplification (see chapter [2261227]. The experimental arrangement
of the two stage OPA is shown in Figure [f.6] Like in the NOPA only a small fraction of
~ 1 % is separated for the seed pulse generation. A half wave plate turns the polarization
by 90°. To generate a supercontinuum, a lens (f = 100 mm) focuses the beam into a
sapphire plate (1 = 3 mm). Subsequently a second lens (f = 30 mm) focuses or collimates
the white light which needs to be overlapped spatially and temporally with the pump
pulse in the upper part of the OPA-BBO crystal (0 = 27°, ¢ = 30°, type II).

The bulk of the incident light is used as the pump pulse for both amplifier stages.
After passing a manually controlled delay stage a second beam splitter separates the
first pump pulse (=~ 20 ©J) and a lens (f = 500 mm) focuses it in the OPA crystal. A
neutral density filter is used to reduce the pump power to avoid parametric fluorescence.
By a dichroitic mirror (HR 800 nm, HT 1050-1600 nm, DM1 in Figure the pump
pulse is lead to the crystal collinearly with the seed pulse, which passes through the
dichroitic mirror. In case of type Il phase matching optical parametric amplification
results in vertically polarized signal pulses variable in a spectral region from 1.1 um

45



4.1. Time-Resolved Fluorescence Spectroscopy

l 800 nm
L5 L4 =250
f=-50mm f=200 mm
M1 vV ) \'V”
A \ M1
& M1
M1
BS
(10%)
M1 BS
f J\U (1%)
L3
f =500 mm - 2/2-
Plate
. I S
M1
Signal M1
Idler \ /1 M2
L ’ M1
DM2 DM1 BBO DM1 L2 Sapphire L1
¢ =27°, f=30mm 3 mm f=100 mm
I =4 mm
Signal
DM2 to Prism
Compressor

Idler

Figure 4.6: Schematic representation of the optical parametric amplifier to generate
a gate pulse in the NIR spectral region. BS: beam splitter; M1: HR 800 nm; L1-5:
lenses; DM1: dichroitic mirror, HR 800 nm, HT 1050-1600 nm; DM2: HR 1100-1300 nm,
R 1800-3000 nm < 3 %; SM1: spheric mirror, silver coated, r = 50 cm; M2: silver coated
mirror.

to 1.45 pm. Collinearly with the signal pulse the idler pulse is generated (1.68 pm to
2.2 um). It is polarized perpendicular with respect to the polarization of the signal and
can be separated by using a second dichroitic mirror (HR 1120-1280 nm, R 1800-3000 nm
< 3 %, DM2) reflecting the signal and transmitting the idler pulse. The latter is blocked
since is it not needed in the experiment.

The signal pulse is reflected back to the lower part of the OPA crystal by a gold
coated spherical mirror (r = 50 ¢cm) and serves as seed pulse for the second amplifier
stage. The residual fundamental light transmitted through the second beam splitter
with a pulse energy > 200 uJ serves as the second pump pulse. Its beam diameter is
reduced to 1/4 by means of a telescope system (f = 200 mm, f = -50 mm). After passing
a manually controlled delay stage it is superimposed with the NIR seed pulse from the
first amplification process. Again the pump pulse power is reduced by means of a neutral
density filter to avoid parametric fluorescence in the BBO crystal. The amplified signal

46



Chapter 4. Experimental Setups

and idler beams of the second amplification stage are guided below the seed pulse of
the first stage to be able to uncouple it with a silver coated mirror. Signal and idler
pulse together have energies up to 40 uJ. However, for the gate pulse only the signal is
required, hence again a dichroitic mirror (HR 1120-1280 nm, R 1800-3000 nm < 3 %) is
used to separate the idler pulse.

The signal pulse is adjusted to wavelengths between 1150 nm and 1200 nm by rotating
the OPA crystal around its vertical axis. The OPA signal output has pulse energies of
~ 20 pJ when it arrives at the Kerr medium. Its initial energy of > 30 uJ is reduced
mainly due to power losses in the prism compressor. As mentioned before, the signal
output is temporally broadened and its duration has to be reduced (70-80 fs) to improve
the time resolution of the experiment.

Prism Compressor

The converted pulses, i.e. the NOPA and OPA output, have passed several optical
media and thus they are temporally broadened due to positive GVD. To improve the
time resolution with a preferably short excitation and gate pulse negative GVD can be
applied to reduce the pulse duration [186,,228-230).

In every setup used the pulse duration of the NOPA output was reduced by a prism
compression stage with fused silica prisms. Pulse durations of a few 10 fs (Gaussian
FWHM) are achievable due to the spectrally broad output pulses. The experimental
setup is displayed in Figure d.7] The incident beam is refracted by the first prism. After
passing a manually controlled delay stage the light passes a second prism. Here negative
group velocity dispersion is induced since the distance in the medium varies for different
spectral components due to their spatial arrangement. The delay stage was used to vary
the distance between the two prisms to align it for the respective output wavelength
of the NOPA. The distance between the two prisms determines the extent of negative

\ D N
w2 \ﬁ

M1

Figure 4.7: Scheme of a double pass prism compressor using a pair of prisms and a
mirror.
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dispersion. After reflection at the end mirror (M1) the beam again passes through the
same optical path. The dispersive effect is thus duplicated and the spectral components
are spatially overlapped. The end mirror is slightly tilted down so that it is possible
to uncouple the compressed pulses beneath the beam height of the incident beam by
means of a mirror (M2). The prism compression stage for the OPA output was similar.
However, the fused silica prisms are exchanged by SF10 prisms and a pulse duration of
70-80 fs can be achieved for the gate pulse.

A home-built autocorrelator (see chapter is used to adjust the prism compressor
in order to achieve pulse duration as short as possible. It allows real-time observation of
the pulse duration while varying the alignment of the prism compressor. As mentioned
before, the pulse duration was adjusted by changing the distance between the prisms
with the delay stage.

Characterization of the Kerr-Shutter

Unfortunately, it was not possible to record a gated fluorescence spectrum with the
described Kerr-shutter setup so far. Anyhow, it was possible to demonstrate that the
setup works in principle by measuring the cross correlation signal from the gate and the
excitation pulse. Some difficulties which occurred during the search of the temporal and
spacial overlap of the two pulses indicate that various improvements are still necessary.

To find the temporal overlap, in a first attempt a BBO crystal was used to generate
the sum frequency between pump and gate pulse. This signal stems from a second order
nonlinear process and is supposed to be much higher compared to a gated signal using a
third order nonlinear process, i.e. the Kerr process. By means of the two stage OPA the
gate pulse was adjusted to a wavelength of &~ 1200 nm. After the OPA, the gate pulse
passes a long pass filter (FGL850, Thorlabs) to get rid of the visible spectral components
including the laser fundamental. With an energy of ~ 30 uJ and a pulse duration of
~ 90 fs the gate pulse arrives at the Kerr medium. The pump pulse was adjusted by
means of the NOPA with Ap,x = 670 nm and a pulse energy of 25 nJ after passing the
prism compressor. The generation of the sum frequency with Agr = 432 nm requires
a crystal angle of 28.6° for collinear alignment. The results are shown in Figure 4.8 a.
The 2D-spectrum (left panel) demonstrates the spectral and temporal behavior of the
sum frequency signal. Due to the spectral width of the NOPA pulse of &~ 50 nm a chirp
is observed. The single transients in the right panel were fit with a Gaussian function
resulting in a FWHM from 80 fs to 100 fs and varying delay time zero depending on the
wavelength.

First it was managed to gate a NOPA pulse with A4, = 485 nm. The NOPA pulse
was focused on a cuvette with a scattering sample. The scattered excitation light was
collected with the first microscope objective and focused on the Kerr medium with a
second one. In the Kerr medium it was overlapped spatially and temporally with the gate
pulse (= 1200 nm). The gated light was collected with the third microscope objective
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Figure 4.8: Comparison of different cross correlation signals between pump and gate
pulse measured with the Kerr shutter setup. a) Sum frequency of gate and NOPA pulse
generated in BBO crystal to find the temporal overlap of the two pulses. b) Gated NOPA
pulse with Amer = 485 nm. c¢) Gated second harmonic of the laser fundamental. The
2D-plots of the cross correlation signal (left panels) as well as individual cross correlation
curves (symbols, right panels) and corresponding fit curves (solid lines) are shown. See

text for details.
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and guided to the detector. The results are shown in Figure b. The chirp visible
in the 2D-spectra is much smaller compared to the one obtained from the SFG (Figure
a) since the spectral width of the NOPA pulse at 485 nm was smaller. The single
transients in the left panel (Figure 4.8/ b) were analyzed with a Gaussian fit resulting in
a FWHM of ~ 150 fs. It can be assumed that the NOPA pulse was longer compared
to the one used for the SFG due to a suboptimal adjustment of the prism compressor.
As expected, the intensity of the gated light is orders of magnitude smaller compared to
the sum frequency signal. With these adjustments the gating of S-carotene fluorescence
was attempted. Since this was not possible it was concluded that the fluorescence is too
weak upon excitation at 485 nm. Thus, the experiment was repeated with the second
harmonic of the laser fundamental resulting in an excitation wavelength of 415 nm.

Up to now it was only possible to detect a very low signal of the gated second
harmonic serving as excitation pulse. The beam path was the same as for the NOPA
pulse with the exception of passing the prism compressor. The results are shown in
Figure 4.8|c. Due to the narrow spectral width of the excitation pulse no chirp appears.
The FWHM of this cross correlation signal was 133 fs. So far it was neither possible
to increase this signal nor to gate a fluorescence. Further improvements of the setup
will be necessary to enhance the efficiency of the gating process. It is very sensitive to
the quality of the focuses in the Kerr medium and to the intensity of the gate pulse
and its polarization with respect to the gated light. Furthermore it is difficult to align
the three microscope objectives to achieve an optimal path of the fluorescence light
from the sample to the detector. The Kerr medium itself plays an important role since
already small impurities can cause a high background signal which superimposes the
gated signal.

4.1.3 The TCSPC-Upconversion Setup

With the setup designed by Ute Foérster [224,231] fluorescence decay times can be de-
termined from fs up to us due to the combination of the TCSPC and the fluorescence
upconversion technique (chapter . A scheme of the combined setup is displayed in
Figure 4.9

The described Tsunami-Spitfire System from Spectra-Physics (see Chapter was
used to generate the excitation pulse as well as the gate pulse. The repetition rate of
1 kHz is rather low for TCSPC experiments where usually light sources with repetition
rates of several MHz are applied. Depending on the absorption characteristics of the
sample the excitation wavelength can be adjusted by means of the NOPA, SHG or SFG
(see chapter . Both, the NOPA and the prism compressor are almost identical to
the one in the Kerr shutter setup (see chapter [1.1.2). The excitation beam is focused
into the laterally moved cuvette (1 mm thick) with a focus of ~ 200 um diameter.
After passing the cuvette the excitation beam is blocked by means of a very small
beam blocker. If necessary, scattered light can be attenuated by a long pass, colored
glass filter. The emitted fluorescence light is collected and parallelized by an off-axis
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Figure 4.9: Experimental setup of the combined TCSPC and fluorescence upconversion
experiment. The scheme shows the adjustment for the upconversion mode. In case of
TCSPC measurements neither the gate pulse nor the BBO crystal are needed and the
fluorescence wavelength is selected by the monochromator.

parabolic mirror (aluminium coated, 76.2 mm focal length, 90° reflection angle, Janos
Technologies) and then focused into the upconversion crystal by a second, identical
parabolic mirror. Behind the crystal the fluorescence in case of TCSPC and the gated
fluorescence (SFG of fluorescence and gate pulse) in case of the upconversion technique
is again parallelized by a lens (f = 50 mm, fused silica). A second lens (f = 125 mm,
fused silica) focuses the light into a double monochromator (D3-180 Gemini, Jobin-Yvon,
180 mm focal length, 0.15 nm resolution) where the detection wavelength is selected and
residual excitation light can be separated.

The single fluorescence photons are detected by a photomultiplier tube (PMT,
PMC 100-4, Becker & Hickl GmbH) which passes the signal on to the TCSPC counting
card (MSA-100010, Becker & Hickl GmbH, 1 ns time resolution). It is operated in the
forward mode, i.e. the excitation beam triggers the counting card and the fluorescence
photons stop it. It is possible to integrate several of the 1024 channels which leads to a
maximum observation period of 131 us. For the TCSPC mode no BBO crystal needs to
be added and the gate pulse should be blocked. To determine the IRF an instantaneous
signal (here the fs laser pulse) is detected. The measured curve is much broader (= 1 ns)
compared to the initial signal due to the rise time of the detector (Figure .

For the upconversion mode the laser fundamental is used as the gate pulse with an
energy of ~ 100 uJ. It passes an optical delay line (M 581 DD15, Physik Instrumente,
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Figure 4.10: Instrument response of the TCSPC experiment (left): the excitation pulse
is much shorter than the time resolution of the TCSPC card. Thus, this instantaneous
signal can be used to determine the instrument response. A Gaussian fit results in a time
resolution of 1 ns (FWHM) corresponding to the step width of the applied TCSPC-card.
Cross correlation of the upconversion experiment (right): the detected sum frequency
(304 nm) of the gate pulse (800 nm) and the NOPA pulse (490 nm) was fitted with a
Gaussian curve resulting in a pulse width of 130 fs.

0.1 pm min. incremental motion, 306 mm travel range) that enables to delay the gate
pulse with respect to the excitation pulse. By means of a telescope system (f = 150 mm,
f = -50 mm) the gate pulse is focused with a long focal length into the BBO crystal
(e.g. 8 =51°,d = 0.1 mm varying with the requirements of the specific experiment).
In this noncollinear alignment the generation of the sum frequency of the fluorescence
and the gate pulse is most efficient for an angle of 13.5° between the two beams [232].
To separate the upconverted fluorescence light from residuals of the excitation light, the
gate pulse, and the SHG an iris is used behind the crystal. Additional scattered light
passing through the iris can be separated by the monochromator. The upconverted
fluorescence photons are also detected by the PMT. The integrated signal intensity is
not correlated to the detection time determined by the photon counter but to the delay
of the gate pulse. In case of the upconversion experiment the time resolution depends
mainly on the duration of the excitation and the gate pulse. To determine the time
resolution a solvent measurement is performed to obtain the cross correlation of the two
pulses. The duration of the detected signal (Gaussian FWHM) corresponds to the time
resolution of the respective experiment (Figure .

The whole setup including TCSPC as well as upconversion experiments can be con-
trolled by a program based on LabVIEW which was written by Ute Forster [224]. Two
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different modes with a corresponding user interface for TCSPC and upconversion mea-
surements are available. They synchronize and control the different components: the
monochromator to select the detection wavelength, the TCSPC card for data acquisi-
tion, a shutter to block the excitation beam between the measurements, and the optical
delay line (only required for upconversion experiments). For the search of the temporal
overlap of excitation pulse and gate pulse the control of the delay stage is also possible
in the TCSPC mode. For both techniques a wavelength scan is possible. The upconver-
sion mode enables linear and logarithmic steps for scanning the fluorescence. For every
delay time the signal of the sum frequency is recorded and the corresponding integral is
proportional to the intensity of the gated fluorescence. The x-axis represents either the
detection time of the TCSPC card or the delay time calculated from the position of the
delay stage. For the TCSPC mode the measurement time (sweeps), the time resolution
(min. 1 ns), and the number of measurement points (64-1000) can be selected. The
collected photons are saved as a single decay curve for every probe wavelength. In case
of the upconversion experiment besides every single scan the averaged transient from
multiple scans is saved. For both modes a second data file (parameter.txt) contains
information of the measuring parameters. For detailed information see [224].

4.1.4 Data Analysis

Analysis of the TSCPC data was performed with the program TCSPCfit (based on
Matlab) provided by Joérg Enderlein. The basic principles are explained in the work
from Enderlein and Erdmann [233]. In short, a Nelder-Meade algorithm is used to fit
the data with a sum of exponential decays convoluted with the instrument response
function (IRF). This enables the determination of fluorescence lifetimes in the range of
the TRF. It is also possible to fit decay curves obtained from the upconversion and Kerr
gating experiments for a single detection wavelength. For this procedure the measured
cross correlation curve is used as IRF.

To analyze the measured decay profiles of whole fluorescence spectra, the program
220 based on IDL is used like for the transient absorption spectra (see chapter for
details). The same fit algorithm is used to fit the data with a sum of exponential decays
as described in chapter {.2.3]

4.2 Transient Absorption Spectroscopy

As mentioned before, to investigate ultrafast dynamics in the ps and fs time domains the
pump-probe technique is applied (see chapter . It is a sensitive method to study
the time evolution of excited states and the corresponding lifetimes. After excitation
with an ultrashort pump pulse the sample is probed with a second pulse at a distinct
delay time. Monitoring of the probe pulses as a function of the delay time reflects the
dynamics triggered by the pump pulse. The following sections summarize the setup used
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4.2. Transient Absorption Spectroscopy

and how the collected data were analyzed.

4.2.1 The CPA 2001 Laser System

For the transient absorption experiments an amplified Ti:Sa laser system (CPA 2001
from Clark-MRX) was used. It is composed of a diode laser pumping a frequency
doubled erbium fiber oscillator, a pulse stretcher, a regenerative Ti:Sa amplifier pumped
by a frequency doubled Nd:YAG laser, and a compressor [234]. The laser output with
a 1 kHz repetition rate and = 150 fs pulse duration provides energies of ~ 800 uJ at a
wavelength of 775 nm.

4.2.2 fs-Pump-Probe Setup

The time-resolved absorption measurements shown in this work were performed with a
setup (see Figure described in detail earlier [223,235]. The excitation wavelength
was adjusted by a NOPA and subsequently these pulses were compressed with a prism
compressor. After passing the delay stage the excitation pulses with a pulse energy of
~ 20 nJ were focused in the sample with a focal diameter of =~ 100 ym. For generation
of the probing white light a small fraction of the laser fundamental was focused on
sapphire plates with different thickness depending on the spectral region of interest.
For probing in the NIR spectral region from 850 nm to 1100 nm a thick sapphire plate
with d = 5.0 mm was used and for the VIS spectral range from 450 nm to 730 nm the
sapphire plate was thinner with d = 2.3 mm. The white light pulses were split into
two beams serving as probe and reference. Pump and probe beam are focused on the
sample by means of an off-axis parabolic mirror, the reference beam is sent directly to
the reference-spectrometer. The cuvette with an optical path length of 1 mm was moved
laterally to prevent degradation of the sample as well as multiple excitation. The optical
density of the different samples varied between 0.5 and 1.5 at the respective excitation
wavelength.

For detection, the transient absorption signal as well as the reference beam are dis-
persed and afterwards analyzed by two 42 segment diode arrays (Hamamatsu S4114-46Q),
multi-channel detection), which are read out for every single shot. The detected signal
is amplified and then digitized in an analog to digital converter (LeCroy model 1885F).
To improve the signal-to-noise ratio choppers are integrated in the optical path of both
pump and probe beam which block every third pulse. The choppers are coordinated
resulting in the pulse sequence shown in Figure [4.12]so that scattered light and fluctua-
tions in the white light can be subtracted from the signal. An absolute spectrum can not
be measured due to the difference in intensity of probe and reference beam. However, it
is possible to obtain a relative spectrum with the term:

N(t7 )\)block,ref

4.1
N(ta )\)block’,sig ( )
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Figure 4.11: Experimental setup of the femtosecond transient absorption spectrometer.
An ultrashort laser pulse is split into a pump and probe beam by means of a beam splitter.
After excitation with a short narrowband pump pulse whose wavelength is adjusted by
the NOPA the sample is probed with broadband white light at distinct delay times.

The absorption change AA can be calculated according to the following equation:

)block,ref - N

)therm,ref

7N
=

~

\.@f-

>

)block,sig - N

(£, \
(£, A

)therm,sig

) .
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( 7>‘)7‘€f - N(t’

N(t, A
< N(t7 )\)sig - N(t7 )\)therm,sig - N(t, )\)scat,sig >
N(t )\)therm,ref - N(t> )\)scat,ref

with ref = reference, sig = signal, block = blocked, therm = thermal noise, scat =
scattering. The thermal noise is recorded while both pump and probe beam are blocked.

In order to analyze the time dependent anisotropy the pump beam passed a zero-
order half-wave plate that allowed adjustment to parallel, perpendicular, and magic angle
polarization with respect to the probe beam. To control the success of the measurement
the parallel (AA)) and the perpendicular (AA | ) data were used to calculate the isotropic
data (AAy, = (AA) +2AA,)/3) which then was compared with the measured magic

angle signals.
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Pump
Probe {) {
Reference {4 ) {

block, sig sig Nscat, sig

block, ref ref scat, ref

Figure 4.12: Pulse sequence obtained from the application of the choppers
(block = blocked, sig = signal, ref = reference, scat = scattering).

4.2.3 Data Analysis

Nonlinear interactions between the pump and the probe pulse give rise to coherent
artifacts around delay time zero. Contributing effects such as two quantum absorption,
cross-phase modulation, and stimulated Raman processes occur in the sample as well
as in the solvent [236-238|. If necessary, the solvent signal can be subtracted from the
signal of the actual sample to get rid of distracting solvent contributions [238]. Upon
passing through various optical components including cuvette and sample the spectral
components of the probe pulse are dispersed, i.e. delay time zero varies depending on
the wavelength (see Figure 4.13). By detection of the solvent signal this temporal shift
is determined for each experiment to be able to correct the data accordingly. Delay
time zero is identified by the temporal position of the coherent artifact and then plotted
against the wavelength. The resulting curve can be fitted by the Sellmeier equation which
describes the refractive index n of a media as a function of the wavelength A [167]. Based
on the resulting fit the displacement of the zero point due to GVD in the different media
can be calculated and corrected accordingly for other measurements performed under
identical conditions.

From the cross correlation measurement of pump and probe pulse the time resolu-
tion of the particular experiment can also be calculated. The temporal resolution is
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Figure 4.13: Transient absorption signals from pure ethanol upon excitation at
A = 500 nm at different probe wavelengths.

affected by the laser pulse duration, the shortest delay between pump and probe pulse,
excitation geometry, sample thickness, and influence of the GVD [239]. Depending on
the experimental conditions - especially the adjustment of the prism compressor - the
time resolution in the performed measurements differed from 50 fs to 150 fs.

Correction of the raw data and subsequent data analysis were carried out with the
software 220 based on IDL 6.0. At first all single scans are compared and defective scans
can be discarded. Then all remaining scans are averaged (subprogram ikmittel) and
the resulting data are corrected for dispersion as well as coherent artifacts if necessary
(subprogram nkview). In the subprogram multiview the data can be plotted as single
transients, transient spectra, and 2D- or 3D-spectra and different measurements can be
compared. In addition it allows a quantitative data analysis using a kinetic model that
describes the data as a sum of exponential decays. A combination of simplex algorithm
and Levenberg-Marquart downhill algorithm optimizes n global time constants 7; for all
probing wavelengths A simultaneously. A simultaneous fit of all decay curves can be
performed according to the following equation:

t—to tec
n 2 t—to LT erf ( o Qﬂ)
AAN) = a; cc : 4.
(0 = Y e exp (125 - ) - (43)

=1
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Figure 4.14: Main signals in transient absorption spectra: ground state bleach (GSB),
excited state absorption (ESA), stimulated emission (SE).

with the cross correlation t.., delay time zero tg, and the instrument response function erf
(error function). The n wavelength dependent fit amplitudes a;(\) represent the decay
associated spectra (DAS) for each decay time constant, which allow an assignment of the
time constants to specific processes. An infinite time constant corresponds to transient
signals that remain at the maximum delay time of the experiment (= 1.5 ns). Data
obtained from anisotropy measurements can also be analyzed by calculating the time
dependent anisotropy values r(t) (see equation and plotting the resulting anisotropy
decay.

Transient absorption spectra (TAS) usually consist of three different contributions
(Figure [£.14). First of all, due to transition of some molecules to their excited states
upon excitation less molecules are in the ground state and the ground state absorption
will be reduced (ground state bleach, GSB). This results in a negative difference sig-
nal, i.e. a negative absorption change AA depicted in blue in all following 2D-plots.
Molecules in the excited state can absorb light since transitions to higher excited states
are possible. This excited state absorption (ESA) leads to a positive difference signal
and is color coded in red. Radiative deexcitation of molecules upon interacting with
the probe pulse by stimulated emission leads to more photons on the detector. This
is interpreted as reduced absorption in the transient absorption experiment, hence the
stimulated emission (SE) signal is also depicted in blue. It is important to keep in mind
that the different contributions can overlap and that additional effects such as dynamic
band shifts, the formation of new species, and the population of new states not acces-
sible by steady state absorption also appear in the TAS. For example, energy transfer
between different chromophores can lead to additional contribution from chromophores
not excited directly by the pump pulse. Thus, by excitation of a certain chromophore,
e.g. a carotenoid, the energy transfer rate to another molecule, e.g. chlorophyll, can be
monitored by analyzing the rise and decay of the different chromophore contributions.
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4.3 Autocorrelator

As mentioned before, nonlinear autocorrelation techniques are used to characterize the
temporal profiles of ultrashort pulses (see chapter . The autocorrelator built during
this thesis together with Karsten Neumann was used to optimize the adjustment of the
grating compressor in the CPA as well as the prism compressor after NOPA and OPA,
respectively. The compact design is based on the work of Kozma et al. [178] and can
easily be moved and repositioned in different experimental setups. A nondispersive
optical arrangement as presented in Figure is required for precise autocorrelation
of ultrashort pulses.

After passing an iris the incident beam is split using a two-part mirror to create
two identical pulse replicas. One part of the protected silver coated mirror is fixed on
an adjustable mirror mounting and the other part on a piezoceramic translator (PZT,
PX 400, Piezosystem Jena). The latter represents an optical delay line with 400 pm
path length which allows to delay the two replicas with respect to each other. An off-axis
parabolic mirror (aluminium coated, 51 mm focal length, 30° reflection angle) focuses
both parts of the beam in a BBO crystal (25-100 um thick). Besides SHG of the two
individual beams, SFG between the two replicas occurs in case of spatial and temporal
overlap of the two beams. By means of a second iris the SHG signal is separated from the
SFG signal. After passing a color filter to get rid of the remaining scattered fundamental
light, a mirror (UV-enhanced aluminium) directs the correlation signal to the detector
diode (PDI-400-1-P-UV, Becker & Hickl GmbH). To avoid saturation of the nonlinear
crystal and the detector and thus broadening of the correlation signal the input pulses
should have energies of some 100 nJ.

Autocorrelation traces can be detected over a broad spectral range from the NIR
down to about 420 nm. For this purpose BBO crystals with particular cutting angles

Iris &« PZT
v Photo-
Adjustable diode

A Mirror
Filter |J:|
Iris
[ e
BBO
Crystal

Figure 4.15: Experimental arrangement of the autocorrelator setup.
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4.3. Autocorrelator

and several color glass filters are necessary. For example, a BBO crystal cut at 45° is
applicable for characterizing the NOPA signal (480-680 nm). It is placed in a rotation
stage which allows adjustment of the angle for type I phase matching conditions of the
SFG in this wavelength range. Usually the combination with an appropriate filter is
necessary transmitting the SFG signal and suppressing fundamental light at the same
time (UG 5, Schott).

For data acquisition, evaluation, and real-time display a monitoring program based
on LabVIEW (National Instruments) is used. By means of an analog to digital card
(DAQCard-6024E, National Instruments) the diode signal and the drive voltage of the
PZT converted into time delay are monitored continuously. If collecting of the data of
a rising drive voltage is complete the detected SFG signal is plotted against the delay
time. Furthermore, a Gaussian curve is fitted to the data using a Levenberg-Marquardt
algorithm. Assuming a Gaussian or sech? pulse shape the final pulse duration (FWHM)
can be calculated using the obtained fit parameters.
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Chapter 5

Characterization of Isolated
Carotenoids

We accept the reality of the world with which
we are presented.

(Christof in The Truman Show)

The following chapter includes the results on the carotenoids contained in the FCP
complexes: fucoxanthin, diadinoxanthin, and diatoxanthin. A detailed knowledge of the
excited state dynamics of the free pigments is required to be able to analyze the com-
plicated energy transfer processes within the protein complexes upon photoexcitation.
Thus, in a first step the free pigments were studied by means of time-resolved absorption
and fluorescence techniques combined with steady state absorption spectroscopy. The
excited state dynamics and fluorescence lifetimes were investigated with regard to the
carotenoids structure and the solvent environment. The pigments were extracted from
the FCP complexes in the group of Prof. Claudia Biichel.

5.1 Steady State Characterization

The influence of the solvent environment on the spectroscopic characteristics of the
carotenoids contained in the FCP complexes was investigated. In Figure the
carotenoid structures and steady state absorption spectra recorded at room temperature
are shown for fucoxanthin (left upper panel) as well as diadinoxanthin and diatoxanthin
(lower panels). All applied solvents are listed in table[5.3| with their polarity factor P(e),
where € is the dielectric constant of the solvent.

The steady state absorption spectra are characterized by a broad absorption band
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Figure 5.1: Steady state absorption spectra for fucoxanthin (left upper panel) as well as
for diadinoxanthin and diatoxanthin (lower panels) in various solvents recorded at room

temperature. The spectra were normalized to the maximum absorbance of the So — S»
transition.

(FWHM = 4000 — 5000 cm~!) in the spectral region between 350 nm and 550 nm
associated with the Sy — Sg transition (Figure . The vibronic structure is resolved
for all investigated carotenoids in nonpolar solvents. In case of fucoxanthin the resolution
of the vibronic structure decreases considerably and finally disappears with increasing
solvent polarity. In addition, the width of the Sy — Ss absorption band increases
with diminishing vibronic structure (Figure . This band broadening is restricted
to the red edge of the absorption spectra. The peak positions are hardly affected with
the only exception for carbon disulfide where a considerably red shift of the Sg — So
absorption band is observed. The resolution of the vibronic structure and the width of
the absorption band are much less influenced in case of diadinoxanthin and diatoxanthin.
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Figure 5.2: A plot of the bandwidth (FWHM) of the Sy — Sz absorption band plotted
against the solvent polarity for fucoxanthin (M), diadinoxanthin (e), and diatoxanthin
(A). The errors were derived from the uncertainty in assigning the FWHM and were
approximately 100 cm ™" for fucoxanthin and slightly higher (120-200 cm™!) for diadi-
noxanthin and diatoxanthin.

Here only small shifts of the peak positions are observed with varying solvent polarity
except for carbon disulfide.

The shift of the peak position found for all carotenoids dissolved in carbon disulfide
can be explained with the high polarizability of the solvent. The energy of the Sg — So
transition not only depends on the conjugation length but also on the refractive index
and accordingly on the polarizability of the solvent. The polarizability factor P(n) can be
calculated from the refractive index of the respective solvent with P(n) = (n2—1)/(n2+2).
The polarizability factor of carbon disulfide with P(n) = 0.356 (n = 1.63) is much higher
compared to the other applied solvents (P(n) = 0.23-0.28). This solvatochromic effect
was explained by theoretical models and a linear dependence of the band position and
the polarizability factor was found for many carotenoids [89}99].

The spectral broadening observed for fucoxanthin depending on the polarity of the
solvent is demonstrated in the left plot of Figure The bandwidth shows an almost lin-
ear dependence on the solvent polarity except for the polar solvent acetonitrile. Though
its polarity is even higher than that of methanol the bandwidth is clearly smaller. Thus,
it can be concluded that the bandwidth is largest in hydrogen bonding solvents and does
not only depend on the solvent polarity. In case of diatoxanthin the bandwidth is nearly
constant in nonpolar and polar solvents (Figure [5.2 right panel). For diadinoxanthin
in n-hexane the bandwidth is higher compared to the bandwidth in polar solvents with
a high error value (~ 200 cm~!). One possible explanation is the poor solubility of
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diadinoxanthin and diatoxanthin in n-hexane resulting in a scattering sample and a very
weak absorption spectrum. Due to the small available amount of diadinoxanthin and
diatoxanthin additional experiments in other nonpolar solvents could not be performed.

Since the solvent-induced broadening only occurs in carbonyl containing carotenoids,
this effect must be traced back to the presence of the carbonyl group conjugated with
the m-electron system [88|. Highly substituted carotenoids deviate from the idealized
Cop symmetry. Hence, the usually strongly forbidden Sy — S; transition becomes more
allowed. The Sy — S; absorption band is predicted to be located red shifted but close
to the Sy — So absorption band. Thus, the Sg — S; transition could contribute to
the spectral line shape leading to a broadening in the red edge of the absorption band.
However, absorption experiments at 77 K to enhance the resolution of the vibronic
structure showed no evidence for a contribution of a Sy — S transition [88]. Other
possible origins of spectral broadening were suggested by Christensen and Kohler based
on experiments with retinal and polyene analogues [240]. According to their work, the
coupling of the So state to closely located dark states, the presence of a manifold of
strongly coupled vibrational states, and/or a conformational disorder in consequence
of interactions between the g-ionylidene ring and the methyl groups along the chain
are possible reasons for the solvent dependent band broadening. A repulsion between
methyl groups at the terminal rings and a neighboring hydrogen atom on the conjugated
backbone could lead to a loss of the vibrational resolution [5,88],240]. A flat potential
energy surface associated with the dihedral bond angle for the carbons can cause several
conformational isomers with a broad range of effective m-electron conjugation. This
ensemble of conformers would exhibit a distribution of transition energies resulting in a
broad unstructured absorption spectrum.

In case of a carbonyl group located close to the S-ionylidene ring the distribution of
isomers is enhanced compared to the steric repulsion only between the methyl groups
on the [-ionylidene rings and hydrogens on the carbon chain [88]. Further spectral
broadening can be explained by additional flattening of the Sy potential energy surface
due to interactions of the carbonyl group with polar solvent molecules. While the polarity
of the solvent seems to hardly effect the properties of the S state, the polar solvents can
stabilize the negative charge on the carbonyl oxygen resulting in an enhanced charge
transfer character of the ground state. Due to the presence of several ground state
conformations the vibrational structure diminishes and the spectra is broadened [101}
102|. Protic solvents such as ethanol and methanol can form a hydrogen bond to the
carbonyl oxygen and thus further stabilize the charge transfer character of the ground
state. This might also account to the fact that for acetonitrile the spectral width is
smaller compared to 2-propanol, ethanol, and methanol.
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5.2 Transient Absorption Measurements

In a second step, the different carotenoids in the various solvents were characterized by
means of transient absorption spectroscopy in order to investigate the influence of the
solvent polarity on the excited state dynamics. The carotenoids were excited at the
red edge of the Sy — S absorption band with Aexe = 485 nm. In Figures and
the 2D spectra of diadinoxanthin, diatoxanthin, and fucoxanthin in various solvents are
displayed. For fucoxanthin transient spectra at a delay time of 5 ps and individual decay
traces recorded at Ap, = 530 nm are shown in Figure and Figure respectively.
Table summarizes the S; lifetimes of the three carotenoids. The table is sorted by
the polarity factor P(e) of the solvents, which can be determined from their dielectric
constants with P(e)=(e-1)/(e+2) [88].

Diadinoxanthin and Diatoxanthin

In the 2D spectra of the xanthophyll cycle pigments diadinoxanthin and diatoxanthin
shown in Figure two bands are observed upon excitation at Aexc = 485 nm. A GSB
signal for Ap; < 500 nm and a positive signal between A, = 500 nm and 570 nm corre-
sponding to the S; — S,, ESA. No additional ESA band appears as found for fucoxanthin
in polar solvents (see Figure . The transient spectra are nearly identical in polar
and nonpolar solvents without significant changes in the dynamics. This becomes even
more obvious for the individual transients depicted in Figure[5.4] The kinetic traces were
recorded at A, = 534 nm in the maximum of the S; ESA band. In almost all 2D spectra
(Figure and a really short lived negative signal is observed around delay time
zero. It is located in the spectral probing region from Ap; ~ 490 nm to ~ 580 nm and is
more pronounced in case of diadinoxanthin and diatoxanthin compared to fucoxanthin.

Pigment Solvent T T | T3
n-Hexane 0.17 | 0.66 | 20
Diadinoxanthin | Ethyl Acetate | 0.13 | 0.67 | 21

Ethanol 0.12 | 0.72 | 21
Methanol 0.12 | 0.66 | 21

n-Hexane 0.15 | 0.54 | 12
Diatoxanthin | Ethyl Acetate | 0.12 | 0.48 | 13

Ethanol 0.12 | 047 | 13
Methanol 0.11 | 046 | 12

Table 5.1: Time constants in ps obtained in a global fit analysis of diadinoxanthin and
diatoxanthin in different solvents.
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Figure 5.3: Transient absorbance changes of diadinoxanthin (left) and diatoxanthin
(right) in n-hexane, ethyl acetate, ethanol, and methanol. The molecules were excited at
Aexc = 485 nm. Here and in all following 2D-plots the time axis is linear up to 1 ps and
logarithmic for longer delay times. Negative absorption changes are color coded in blue
and positive absorption changes are depicted in red.
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Figure 5.4: Individual kinetic traces of diadinoxanthin (top) and diatoxanthin (bottom)
in different solvents recorded at A, = 534 nm upon excitation at Aexc = 485 nm. The
transient data (e) were fitted in a global fit analysis from which the fit curves (-) and the
corresponding lifetimes (see table were obtained. The dotted orange curve (upper
panel) represents the kinetics of diatoxanthin in ethanol for better comparison between

the two pigments.

It can be assigned to the So — Sg stimulated emission.

The data was analyzed in a global fit analysis. The three time constants which are
necessary to obtain a satisfactory fit are depicted in table For all solvents 7 is
slightly longer compared to the time resolution of the experiment (= 80 fs). Though it
can be attributed to the S9 lifetime the associated dynamics is a mixture of the coherent
artifact and the So SE signal. In order to obtain the values for the Sy lifetime fluorescence
upconversion experiments were performed (see chapter . 79 and 73 are both shorter
in case of diatoxanthin compared to diadinoxanthin. The second time constant with
9 == 700 fs and =~ 500 fs for diadinoxanthin and diatoxanthin, respectively, can be
attributed to vibrational cooling of the first excited singlet state. This cooling is also
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visible in the 2D-spectra as a narrowing in the red edge of the ESA band. 73 with 13 ps
for diatoxanthin and 21 ps for diadinoxanthin corresponds to the S; lifetimes. They are
independent of the solvent conditions.

Fucoxanthin

The excited state dynamics of the carbonyl containing carotenoid fucoxanthin was in-
vestigated in a multitude of solvents with varying solvent polarity. The pigment was
excited in the red edge of the Sy — So absorption band at Aexe = 485 nm. In contrast
to diadinoxanthin and diatoxanthin the data obtained for fucoxanthin show a dramatic
solvent effect on the excited state dynamics as can be seen in the 2D plots in Figure[5.6
For fucoxanthin in n-hexane two main transient features are observed, the GSB for
Apr < 500 nm and an ESA band between Ay = 500 nm and 570 nm corresponding to
the S; — S,, transition. There is only a very weak additional ESA contribution observed,
which is red shifted and extended to A, ~ 700 nm. With increasing solvent polarity
this additional ESA band clearly arises between Ay = 570 nm and 700 nm. This feature
is most pronounced in the polar solvents methanol and acetonitrile with two maxima
at Apr = 650 nm and 605 nm. Furthermore, the observed dynamics are faster in polar
solvents compared to the dynamics in nonpolar solvents (Figure and .

Transient absorption spectra of fucoxanthin in the representative solvents n-hexane,
ethyl acetate, and methanol are plotted in Figure The spectra were taken at
Tp = 5 ps. For fucoxanthin in n-hexane the ESA band between A, = 570 nm and
700 nm is very weak. It increases dramatically with increasing solvent polarity and is
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Figure 5.5: Transient absorption spectra of fucoxanthin in n-hexane, ethyl acetate, and
methanol, representing environments with differing polarity. The molecules were excited
at Aexc = 485 nm and the depicted transient spectra were recorded after a delay time of
5 ps.
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Figure 5.6: Transient absorbance changes of fucoxanthin in various solvents upon exci-
tation at Aexc = 485 nm. With increasing solvent polarity an additional ESA band arises
between A, = 570 nm and 700 nm.
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characterized by two distinct bands. Here it can be seen that the rise of the second ESA
band is accompanied by the decrease of the S; — S,, ESA band. The additional red
shifted ESA band can be attributed to an intramolecular charge transfer (ICT) state.
The ICT ESA shows two maxima which are most probably two vibrational bands. How-
ever, the two maxima could also result from an overlap with a negative signal. As
mentioned before, for highly substituted carotenoids like fucoxanthin the So — S; tran-
sition becomes more allowed. Thus, for those pigments fluorescence from the S; state
is observed between ~ 550 nm and 800 nm [86]. The corresponding S; SE signal is
thus expected to appear in the same spectral region as the ICT ESA and could be also
responsible for the insection.

The data for all solvents were analyzed in global fit analyses. As for the xanthophyll
cycle pigments three time constants are sufficient for a good approximation of the data.
The obtained lifetimes are summarized in table 71 is nearly independent of the
solvent. It is very short (73 < 100 fs), within the time resolution of the experiment
(~ 80 fs). Again, it can be assigned to the lifetime of the So state. The second time
constant 7y varies from 300 fs to 800 fs and is probably related to a vibrational cooling of
the S; state. The expected accompanied narrowing of the ESA band is less pronounced
than for diadinoxanthin and diatoxanthin due to the overlap with the red shifted second
ESA band. The third time constant 73 is attributed to the lifetime of the first excited
singlet state. Like 19 it varies in different solvent environments with lifetimes from 20 ps
to 63 ps. An additional lifetime to describe the dynamics of the ICT state was not
necessary. It can be concluded that the lifetimes of the S; state and the ICT state are
correlated. This can be further confirmed when the individual transients of the respective
maxima of the ESA bands are compared (see Figure . Exemplary the kinetic traces
for fucoxanthin in 2-propanol and methanol are depicted for Ap, = 534 nm, A, = 606 nm,
and A\pr = 646 nm, respectively. The decay dynamics are almost identical with only very

Solvent T1 T2 | T3
n-Hexane 0.07 | 0.59 | 57
Carbon Disulfide | 0.04 | 0.63 | 63
Diethyl Ether 0.07 | 0.57 | 61
Ethyl Acetate | 0.06 | 0.38 | 62
2-Propanol 0.06 | 0.50 | 50
Ethanol 0.05 | 0.47 | 36
Methanol 0.06 | 0.81 | 20
Acetonitrile 0.05 | 0.33 | 30

Table 5.2: Time constants in ps obtained in a global fit analysis for fucoxanthin in
various solvents.
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Figure 5.7: Individual kinetic traces of fucoxanthin in 2-propanol and methanol
recorded at A,y = 534 nm, 606 nm, and 646 nm representing the maxima of the S;/ICT
ESA bands.

small variance for A, = 606 nm in case of 2-propanol. It can be assumed that the two
states are coupled and not separated, though this assumption is still a matter of debate

(see chapter [2.2.2)) [101L{107.|108].

According to the time constants obtained in the global fit analysis not only the spec-
tral characteristics change depending on the solvent environment but also the lifetimes
of the excited states are influenced. 7o varies but shows no clear dependence on the
solvent polarity. This is different in case of 73. Individual kinetic traces for fucoxan-
thin in the different solvents are plotted in Figure 5.8l The transients were recorded
at Apr = 534 nm representing the decay dynamics of the first excited singlet state. In
table the Sp lifetimes are depicted related to the solvent polarity and compared to
the Sp lifetimes obtained for the xanthophyll cycle pigments. The S; lifetimes for all
carotenoids are plotted against the solvent polarity in Figure [5.9] For solvent polarities
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Figure 5.8:

Individual kinetic traces of fucoxanthin in various solvents recorded at

Apr = 534 nm upon excitation at Aexc = 485 nm. The transient data (e) were fitted in
a global fit analysis from which the lifetimes (see table and the fit curves () were

derived.
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Figure 5.9: Lifetimes of the lowest excited state of fucoxanthin (W), diadinoxanthin (e),
and diatoxanthin (A) plotted against the solvent polarity P(e). In case of fucoxanthin the
S1 lifetime is almost constant up to a solvent polarity of P(e) ~ 0.6 and then decreases
considerably with increasing solvent polarity. In contrast, the lifetimes obtained for the

xanthophyll cycle pigments are almost constant.
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up to a value of P(e) ~ 0.6 the S; lifetimes of fucoxanthin stay nearly constant and then
decrease considerably with increasing solvent polarity. However, for acetonitrile the life-
time increases again though it has the highest solvent polarity. Like for the bandwidth,
this can be explained with the fact that acetonitrile is a polar but a non- hydrogen
bonding solvent. As mentioned before, the lifetime of the first excited state shows no
solvent dependence for diadinoxanthin and diatoxanthin.

The observed changes of the dynamics of the excited states depending on the solvent
polarity can be explained with the presence of the ICT state in carbonyl containing
carotenoids. However, it can be assumed that in nonpolar solvents the ICT state is
higher in energy than the 2A state. It could be close enough to be thermally pop-
ulated after relaxation from the So state to the S; state [88]. This would explain the
observation of the weak contribution of the ICT excited state dynamics in solvents with
low dielectric constants like in n-hexane (Figure and [5.5). It is expected that the
electron-withdrawing character of the carbonyl group stabilizes the charge transfer char-
acter, especially in polar solvents. Thus, the ICT ESA band increases with increasing
solvent polarity.

The energy level diagram in Figure describes the observed changes in the excited
state dynamics in more detail. The potential energy surfaces and electronic transitions
are shown for fucoxanthin in nonpolar and polar solvents, respectively. The model
assumes a strong coupling between the 2A " and ICT state leading to a distorted excited
state potential energy surface with two solvent dependent minima. It is based on the one
describing the excited state dynamics of peridinin proposed by Frank et al. [88]. With
increasing solvent polarity the intensity of the S; — S, band decreases accompanied
by the raise of the S; — S, band. The presence of the ICT component shifts the
minimum of the potential energy surface and leads to a redistribution of the excited state

Lifetime / ps

Solvent P(e) | Fucoxanthin | Diadinoxanthin | Diatoxanthin
n-Hexane 0.229 57 20 12
Carbon Disulfide | 0.354 63 - -
Diethyl Ether | 0.524 61 - -
Ethyl Acetate | 0.626 62 21 13
2-Propanol 0.852 a0 - -
Ethanol 0.886 36 21 13
Methanol 0.913 20 21 12
Acetonitrile 0.921 30 - -

Table 5.3: Solvent dependence of the S; lifetime of isolated carotenoids. The values are
sorted by the polarity factor P(e).
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Figure 5.10: Potential energy surface scheme describing the solvent effects on the
excited state dynamics of fucoxanthin. The potential energy surfaces on the left represent
the dynamics in nonpolar solvents. On the right, the arrangement of the states in polar
solvents is shown. In this model it is assumed that the 2A_ state and the ICT state
are strongly coupled. The dashed lines represent internal conversion processes. The
thickness of the arrows corresponds to the S; — S, and S1 — S,/ transition, respectively
and reflects the intensity of the transition as obtained for fucoxanthin shown in Figure
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population between the ICT and the 2A " state. This results in the solvent dependent
excited state dynamics of fucoxanthin represented in Figure[5.5] where the decrease of the
2A, — S, absorption band and concomitant increase of the ICT— S, absorption band
is clearly visible. Furthermore, there is a blue shift of the S; — S,/ transition caused by
the decrease of the potential energy minimum attributed to the ICT component relative
to the S, state [88]. This can explain the spectral development of the ICT ESA band
depending on the solvent environment. In nonpolar solvent this ESA signal is strongest
around A, = 650 nm. With increasing solvent polarity the transient absorption band is
broadened to shorter wavelengths. The decrease of the S excited state lifetime in polar
solvents can be explained with an enhanced internal conversion to the ground state due
to the lower energy of the S;/ICT state in polar solvents.

5.3 Fluorescence Lifetimes

The solvent dependence of the Sy lifetime of the carotenoids was investigated by means of
fluorescence upconversion measurements. To study the relaxation kinetics of the So state
to the Sq state the So fluorescence lifetimes were determined for S-carotene and fucoxan-
thin in polar and nonpolar solvents. The Sy fluorescence lifetimes of diadinoxanthin and
diatoxanthin were obtained only for ethanol solutions, since only very small amounts of
these carotenoids were available.

For all solvents the cross correlation signal was measured in order to determine
the time resolution of the experiment. This cross correlation signal was used in the
data analysis to determine the fluorescence lifetime. The scattered excitation light was
collected and overlapped with the gate pulse in the BBO crystal. The sum frequency of
the two beams was recorded and the FWIHM of this cross correlation signal is calculated
assuming a Gaussian shape. It shows a solvent dependence due to the dispersion within
the solvent with a FWHM varying from 125 fs to 210 fs. The measured cross correlation
signals and two representing fit curves are displayed in Figure [5.11

The carotenoids were excited at Aexe = 415 nm and the fluorescence decays were
determined at Apr = 316 nm corresponding to a fluorescence wavelength of A\g = 510 nm.
The fluorescence transients were fitted with a single exponential decay and convoluted
with the response function (cross correlation) using the Matlab program provided by
Jorg Enderlein [233).

The measurements of S-carotene were mainly performed to characterize the setup,
since values for the Sy fluorescence lifetime are already published [89}241] and can be
compared to the presented results. The fluorescence decay of 8-carotene was measured in
n-hexane, ethyl acetate, and ethanol and was found to depend on the solvent. The results
and corresponding fit curves are shown in Figure 5.12] and the fluorescence lifetimes are
summarized in table 5.4 The lifetime decreases with increasing solvent polarity from
220 fs in n-hexane and 195 fs in ethyl acetate to 138 fs in ethanol. The value found for
(B-carotene in ethanol was in good agreement with the one from Macpherson and Gillbro
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Figure 5.11: Solvent dependence of the cross correlation width. In the left panel the
data for various solvents are depicted and the right panel shows two representative fit
curves (solid lines) of the data (e) for n-hexane and ethanol.

(144 fs) [89]. However, the fluorescence lifetime obtained for n-hexane was slightly higher
with 220 fs compared to 177 fs. The deviation could be due to differences of the applied
excitation and/or detected fluorescence wavelength. Experiments with S-carotene in
several other nonpolar and polar solvents by Macpherson and Gillbro indicated that
both the polarity and polarizability of the solvents are correlated with the decay of the
So state [89]. According to their interpretation the decrease of the S lifetime results
from a distortion of the Cyp symmetry and a vibronic coupling of the two lowest excited
singlet states. Furthermore, one has to consider a possible involvement of an intermediate

Solvent B-Carotene | Fucoxanthin | Diadinoxanthin | Diatoxanthin
n-Hexane 220 (177) 166 - -
Ethyl Acetate 195 166 - -
Ethanol 138 (144) 128 158 181
Acetonitrile - 121 - -

Table 5.4: Fluorescence lifetimes in fs of -carotene, fucoxanthin, diadinoxanthin, and
diatoxanthin obtained from fluorescence upconversion experiments. The values in paren-
theses were published by Macpherson and Gillbro [89].
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Figure 5.12: Upconversion measurements of S-carotene in n-hexane, ethyl acetate, and
ethanol. The dots denote the measured signals and the solid lines represent the fit curves.
In the lower right panel the fluorescence decays in the three solvents are compared.

dark state (1B,;) between the Sy (1B;}) and Sy (2A,) states which can influence the
relaxation dynamics [§].

The So fluorescence lifetimes for fucoxanthin were determined in n-hexane, ethyl
acetate, ethanol, and acetonitrile. The measured data and corresponding fit curves
are depicted in Figure 5.13] The obtained lifetimes are collected and compared to the
other carotenoids in table Like for §-carotene the obtained lifetimes were longer
in nonpolar solvents with 7 = 166 fs (n-hexane and ethyl acetate) and shorter in polar
solvents with 128 fs for ethanol and 121 fs for acetonitrile. In case of the xanthophyll
cycle pigments the fluorescence lifetimes in ethanol were longer compared to fucoxan-
thin and S-carotene in ethanol with 7 = 158 fs and 7 = 181 fs for diadinoxanthin and
diatoxanthin, respectively (Figure [5.14). To further characterize the carotenoids con-
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Figure 5.13: Upconversion measurements of fucoxanthin in various solvents. The dots
denote the measured signals and the solid lines represent the fit curves. In the lowest
panel the fluorescence decays in all applied solvents are compared. The low number of
counts detected for fucoxanthin in n-hexane can be explained with poor solubility in this

solvent.
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Figure 5.14: Upconversion measurements of diadinoxanthin (left) and diatoxanthin
(right) in ethanol. The dots denote the measured signals and the solid lines represent
the fit curves.

tained in FCPs additional experiments are necessary. For example the excitation and
probing wavelength dependence of the Sy fluorescence lifetime should be investigated in
many different solvents and the results should be compared with experiments of related
carotenoids. Furthermore, the S; fluorescence lifetimes should be studied. With the
described Kerr shutter setup it should be possible to monitor the fluorescence behavior
from the first and second excited singlet state simultaneously. From a multitude of pre-
vious experiments addressing the So lifetime [5] and the presented results above it can
be concluded that the lifetime of the So state mainly depends on the solvent. Solvent
effects can be explained with the So—S; energy gap, which decreases with increasing
solvent polarizability resulting in shorter So lifetimes in solvents with higher refractive
indices [89].
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Chapter 6

Excitation Energy Transfer in FCPs

An ancestor of mine maintained, that if you
eliminate the wmpossible, whatever remains,
however improbable, must be the truth.

(Mr. Spock in Star Trek VI: The
Undiscovered Country )

The ultrafast carotenoid excitation energy transfer to chlorophyll in fucoxanthin
chlorophyll proteins (FCPs) was studied using the transient absorption technique in
the visible and near infrared spectral region. Static fluorescence experiments were used
to investigate the energy transfer efficiency. The influence of the oligomeric state and
the growth conditions as well as the excitation wavelength dependence were examined.
Polarized transient absorption spectroscopy was applied to gain further information
concerning the pigment arrangement within the protein.

All presented results were obtained for FCP samples extracted and purified in the
group of Prof. Claudia Biichel. As mentioned before, the FCP samples were diluted
in a buffer containing 25 mM Tris at pH 7.4, 2 mM KCI, and 0.03 % S-DDM. The
optical density was ~ 0.9 at 671 nm in the 1 mm cuvette applied for all time resolved
measurements. This corresponds to a Chl a concentration of ~ 0.13 mg per 1 mL sample
volume. All measurements were carried out at room temperature.

6.1 Steady State Characterization

For the steady state characterization of the FCPs absorption, emission and excitation
spectra were recorded. The absorption spectrum (Figure is dominated by the spec-
tral features of Chl @ and Chl ¢3. The Soret and the Q, band of Chl a are visible
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Figure 6.1: Steady state absorption (—), excitation (—-), and emission (---) spectra
of FCPa (red) and FCPb (blue). The excitation spectra were recorded at Aguo = 675 nm
and the fluorescence was detected upon excitation at 500 nm.

at 440 nm and at 670 nm while the shoulder around 460 nm and the weak band at
635 nm belong to the Soret and the Q, band of Chl ¢3. The absorption in the spec-
tral region between 480 nm and 570 nm originates from the So — So transition of the
carotenoids, mainly fucoxanthin. The absorption spectra of the fucoxanthin molecules in
FCPs are red shifted compared to isolated fucoxanthins in solution |135|. Furthermore,
the four fucoxanthin molecules have different absorption maxima due to their specific
environment within the protein. Based on results from Stark spectroscopy performed by
Premvardhan et al. red absorbing fucoxanthins (fx,.q) could be distinguished from blue
absorbing fucoxanthin molecules (fxpe) [42]. Due to the small amount of diadinoxan-
thin and diatoxanthin their contribution to the spectrum is very small and appears most
probably around 500 nm [42].

The emission spectra were detected upon excitation at Aexe = 500 nm. The Chl a
fluorescence band peaks at 675 nm and is accompanied by a vibrational band located
around 730 nm for both samples. To control if the FCPs are intact with regard to the
excitation energy transfer to Chl a excitation spectra were recorded at the Chl a fluores-
cence maximum (Af,, = 675 nm) and compared to the absorption spectra (Figure .
For wavelengths between 535 nmn and 600 nm both spectra resemble each other, whereas
at lower wavelengths the excitation spectrum shows lower intensities. In the carotenoid
band the energy transfer efficiency of the carotenoids absorbing around 550 nm seems

82



Chapter 6. Excitation Energy Transfer in FCPs
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Figure 6.2: Fluorescence quantum yield of Chl a after excitation of the carotenoids at
500 nm and 550 nm of FCPa (red) and FCPb (blue) isolated from HL and LL cells.

to be higher compared to the ones absorbing around 500 nm. This may lead to the
conclusion that diadinoxanthin and diatoxanthin are less or not involved in the excita-
tion energy transfer and/or that one fucoxanthin absorbing in the blue region transfers
energy poorly. Nevertheless, the close similarity of excitation and absorption spectra
indicates that the energy transfer from Chl ¢y and the carotenoids to Chl a is the main
pathway.

Fluorescence Quantum Yield

To further analyze the energy transfer efficiency from the carotenoids to Chl a the
quantum yields of Chl @ fluorescence after excitation of the carotenoids at 500 nm and
550 nm were determined for FCPa and FCPb isolated from cells grown under HL and
LL conditions (Figure . The efficiencies were obtained by determining the Chl a
fluorescence quantum yield after excitation of the Sy state of the carotenoids. The emis-
sion spectra were recorded under identical conditions and corrected with the fluorimeter
detection function. The fluorescence intensities were integrated and the respective ab-
sorption values of the reference and test samples with increasing concentrations were
used to calculate the fluorescence quantum yield (see chapter . Because Chl a was
not excited directly the obtained values represent the energy transfer efficiencies from
the carotenoids to Chl ¢ in the different FCP samples.

The complexes extracted from HL and LL cultures showed no significant differences
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as the values are the same within the error margins. The most prominent changes
due to varying light conditions during the growth were obtained for the deepoxidation
ratio, which seems to have no significant influence on energy transfer efficiency. On the
contrary, the Chl ¢ fluorescence quantum yield varies when FCPb and FCPa samples
as well as the different excitation wavelengths are compared. FCPa samples show a
higher excitation energy transfer efficiency compared to FCPb samples. According to
these results an increased quenching in the higher oligomers of the FCPb complexes can
be assumed ("‘aggregation quenching"’) [242,243|. Regarding the excitation wavelength
dependence higher fluorescence quantum yields are obtained after excitation of the red
fucoxanthins at 550 nm. This is in accordance with the results from the excitation spectra
and further confirms the assumption that a lower fraction of carotenoids transfers energy
to Chl a upon excitation at 500 nm.

6.2 Fluorescence Lifetimes

All samples were characterized by means of TCSPC measurements. The Chl a fluo-
rescence decay dynamics was investigated in order to observe whether the oligomeric
state and the pigmentation has any influence on the fluorescence lifetime. As in the
steady state fluorescence experiments the samples were excited in the carotenoid band
at Aexe = 500 nm and Aexe = 550 nm, respectively. The single fluorescence photons were
detected at Ay = 675 nm where the Chl a fluorescence has its maximum. The data and
associated fit curves of the HL samples are displayed in Figure[6.3] HL and LL samples
showed identical temporal behavior, thus the results for LL-FCPs are not shown.

There were nearly no variations found for the lifetimes of the different FCP samples.
The two excitation wavelengths seem to have no significant influence on the Chl a fluo-
rescence, since the obtained lifetimes are nearly identical. For the FCPb samples slightly
(~10%) shorter lifetimes were observed compared to the FCPa samples. This provides
further evidenced for an increased quenching in the higher oligomers of FCPb.

6.3 Transient Absorption Dynamics in FCPs

To analyze the transient absorption dynamics in FCPa and FCPb the samples isolated
from HL and LL cells were excited at Aexe = 500 nm and Agxe = 550 nm, respectively.
Excitation at Aexe = 550 nm leads to the population of the So state of red absorbing
fucoxanthin molecules. Upon pumping at Aexc = 500 nm blue absorbing fucoxanthins
and probably also diadinoxanthin and diatoxanthin molecules are excited.

For a general band assignment the transient absorption data of HL-FCPa excited at
500 nm is displayed in a color coded 2D-plot in Figure[6.4] Region A shows the ground
state bleach (GSB) of the carotenoids around 500 nm with an additional contribution
of the chlorophylls GSB at lower probing wavelengths. In the spectral region between
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Figure 6.3: Chl a fluorescence lifetimes of HL-FCPs detected at Aq = 675 nm after
excitation at Aexc = 500 nm and Aexc = 550 nm, respectively.

540 nm and 700 nm (region B) the broad ESA band originates from the fucoxanthin
S1/ICT — S,, transition. Transient signals from diadinoxanthin and diatoxanthin can
not be distinguished from the fucoxanthin signals. The contributions from the xantho-
phyll cycle pigments is expected to be very weak due to their small amount in the inves-
tigated samples. The two regions labeled with C display the ESA of Chl a overlapping
with signals of the fucoxanthins and dominating at later delay times. The stimulated
emission (SE) of the Chl a Q, state and the GSB of Chl a around A,; = 670 nm (re-
gion D) superimposes the ESA of the fucoxanthins and does not decay within the time
window of the experiment as does the Chl a ESA (region C). In the NIR probing region
two main spectral features are observed. Between 880 nm and 1090 nm the So — Sy
transition of the carotenoids is shown (region E). Due to the short lifetime of the sec-
ond excited singlet state of fucoxanthin the signal decays within the time resolution of
the experiment. The weak negative band at wavelengths above 950 nm (region F) can
be attributed to the ICT SE of fucoxanthin, since this signal is not observed for car-
bonyl containing carotenoids in nonpolar solvents and carotenoids without a carbonyl
group [105}244].

In order to get a more detailed description of the dynamics in Figure kinetic
traces for several probing wavelengths are depicted for FCPa and FCPb samples after
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Figure 6.4: Transient absorption changes of HL-FCPa excited at 500 nm in the visible
and NIR spectral region. The color code displays the absorbance change in units 10~3
and is different for the VIS and NIR probing region.

500 nm excitation. The curves were normalized for excitation energy and optical density
at the respective excitation wavelength. At a probing wavelength of 486 nm at early
delay times mainly the fucoxanthin bleach is visible and after a few picoseconds the ESA
of Chl a dominates. At A\, = 542 nm the short negative signal at very early delay times
corresponds to the SE of the Sy state of the carotenoids. In this region the strong S; —
S, ESA of the carotenoids is rising and also Chl a shows weak ESA which extends to
longer delay times. At Ay = 646 nm a strong ESA signal stemming from the ICT —
S, transition of the fucoxanthins again decays into a weaker Chl ¢ ESA at later delay
times. At this wavelengths also contributions of Chl ¢z are expected but no additional
dynamics which could be attributed to the transient population of an excited Chl ¢y
state are observed. The strong negative contribution at 678 nm originates from the
Chl a GSB and SE and reflects the fast and efficient energy transfer from fucoxanthin
to Chl a. Further to the red the dynamics are again dominated by the fucoxanthin
ICT ESA with only a weak contribution of the bleach and SE of Chl a. In the NIR
spectral region, at A\pr = 1000 nm, a fast rise and decay of the So — Sy transition
appears at early delay times followed by a weak negative signal corresponding to the SE
of the fucoxanthin ICT state. The weak positive signal at long delay times reflects an
additional Chl ¢ ESA band.
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Figure 6.5: Individual kinetic traces of HL-FCPa (red), LL-FCPa (orange), HL-FCPb
(blue), and LL-FCPD (cyan) after excitation at 500 nm at different probing wavelengths.
Dots denote the measured data and lines the corresponding fit curves; both were nor-
malized for optical density and excitation energy at the respective excitation wavelength.
The time axis in these and following similar plots is linear up to 1 ps and logarithmic for

longer delay times.

All data were analyzed with a global fitting procedure with either four or five time
constants (summarized in table depending on the excitation wavelength and the

oligomeric state of the different FCPs. For all measurements the shortest time constant
with values less than 150 fs lie within the time resolution of the experiment. Hence,
the corresponding fit amplitudes for 71 are not plotted and will not be discussed in
the following. However, it should be mentioned that this shortest time constant is also

related to the short lived So state of the carotenoids (see chapter . Due to the
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6.3. Transient Absorption Dynamics in FCPs

difference signature remaining at the maximum observation time of the experiment one
infinite time constant 7ins is necessary to account for this.

6.3.1 Comparison of HL and LL Cultures

In a first step, data sets of HL and LL samples of both FCPa and FCPb after excitation
at Aexe = 500 nm as well as Aexe = 550 nm were compared to investigate the influence of
the modified pigment ratio (see Figure on the excitation energy transfer. However,
for these samples no significant differences were obtained as can be seen in the exemplary
transients and decay associated spectra (DAS) depicted in Figure and Figure
respectively. Slight alterations in the intensity of the signals are most likely due to minor
changes in the probing white light occurring during the measurements.

The differences between FCPs extracted from HL and LL cultures are the polypeptide
composition and the pigment ratio (see chapter . The most prominent effect upon
varying the light conditions during the growth is the change in the deepoxidation ratio
(dtx/(ddx+dtx)), the amount of diatoxanthin increases considerably. According to that
at least diatoxanthin does not seem to participate in the excitation energy transfer
process, since no differences between the HL and LL samples are observed. It can
be concluded that the deepoxidation ratio of diadinoxanthin to diatoxanthin has no
significant influence on the dynamics of the energy transfer. The subsequent discussion
therefore focuses on the analysis of the samples isolated from cultures grown under HL
conditions.

6.3.2 Comparison of FCPa and FCPb

In contrast to the HL and LL samples the data sets obtained for FCPa and FCPb
showed clear differences in the transient absorption spectra. The individual transients
at selected probing wavelengths upon excitation at 500 nm and 550 nm are compared in
Figure[6.7]and the corresponding fit amplitudes are shown in Figure[6.8] The differences
between FCPa and FCPD obtained from the two excitation wavelengths are very similar.

In Figure the kinetic traces at A, = 486 nm show the GSB of the carotenoids at
early delay times followed by a Chl ¢ ESA after ~ 3 ps. The comparison of FCPa and
FCPb dynamics shows a faster recovery of the carotenoids GSB for FCPb. The rapid
rise of the carotenoids ESA is visible around A, — 566 nm and decays into a weaker
ESA signal of Chl a. However, in case of FCPa after Aexc = 500 nm the carotenoids
ESA signal amplitude is considerably higher, while the Chl a ESA signal exhibits almost
the same intensity for both samples. The differences are less pronounced after 550 nm
excitation. The GSB and Q, SE signal of Chl a at A, = 678 nm increases until ~ 10 ps,
stays almost constant (in case of FCPa) and decays with a time constant beyond the
observation time of the experiment. For the FCPb samples we observe not only a faster
increase but also an immediate decay of this signal when compared to FCPa.
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Figure 6.6: Decay associated spectra (DAS) of FCPa (left) and FCPb (right) isolated
from HL (red/blue) and LL (orange/cyan) cells excited at Aexc = 500 nm (top) and
Aexe = 550 nm (bottom). The time constants in parentheses correspond to the lifetimes
of the LL cells and are only specified if they differ from the lifetimes obtained for the HL
cells.

The decay associated spectra from the global fit analysis of HL-FCPa and HL-FCPb
are depicted in Figure and the corresponding lifetimes are summarized in table
After excitation at Aexe = 500 nm five time constants were required to achieve an ade-
quate fit for both samples. As mentioned before, the smallest decay time (77 < 150 fs)
is in the range of the time resolution of the experiment and thus not shown. For 7, 73,
and Ti,r the comparative analysis of FCPa and FCPb reveals a similar spectral shape
as well as comparable values of the decay times. For the fit amplitudes belonging to 74
deviations are observed. In contrast to FCPb in FCPa the contribution of the ground
state recovery of fucoxanthin is still visible around A, = 475 nm and also the decay
characteristics of the fucoxanthin ESA around A, = 560 nm is more pronounced in
FCPa. In case of FCPb for 74 the GSB/SE signal of Chl a dominates the DAS around
Apr = 675 nm and only a small contribution of the decay of the fucoxanthin ESA is
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Figure 6.7: Individual transients of FCPa (red) and FCPb (blue) isolated from HL cells
excited at Aexe = 500 nm (left) and Aexc = 550 nm (right). The data were normalized
for optical density and excitation energy at the respective excitation wavelength.

visible at A, = 560 nm. Upon Aexe = 550 nm excitation of FCPb the fit amplitude
associated with 74 shows no spectral contributions from the carotenoids but is similar
to the fit amplitude obtained for 7y, For FCPa a global fit analysis with four time
constants was sufficient, which will be discussed in detail in the following section.

The higher fucoxanthin ESA signal around Ap, = 560 nm (Figure could be
explained with the higher total amount of diadinoxanthin and diatoxanthin in FCPa
complexes. The growth conditions and accordingly the deepoxidation ratio showed no
measurable influence on the excitation energy transfer. Thus, it is more likely that the
amount of blue absorbing fucoxanthin molecules is higher in FCPa, because in FCPb
the absorption is reduced around 490 nm and increased around 540 nm compared to

FCPa (Figure . As mentioned before, HL-FCPa and LIL-FCPa showed higher energy
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Figure 6.8: DAS of FCPa (red) and FCPb (blue) isolated from HL cells excited at
500 nm (left) and 550 nm (right). The time constants obtained for HL-FCPb are put in
parentheses.

transfer efficiencies compared to FCPb complexes, thus it can be assumed that a part
of the excitation energy is quenched in the higher oligomers of FCPb ("aggregation
quenching") [242,243].

The transient absorption spectra recorded in the NIR spectral region were nearly
identical for FCPa and FCPb (Figure . The ESA signal corresponding to the
So — Sy transition (Figure Apr = 1000 nm) decays with a time constant 7 < 200 fs
for both samples. Also the ICT SE signal between Ay = 950 nm and A, = 1100 nm
(see Figure shows a similar decay behavior for both oligomeric states. In the entire
data set no evidence for a slow ICT channel was observed for fucoxanthin transferring

HL-FCPa HL-FCPb
Aexc 500 nm | 550 nm | 500 nm | 550 nm
Ty / ps 0.6 0.9 0.4 0.7
T3 / ps 2.6 4.2 1.9 3.0
Ty | ps 25 - 20 27
75 / 1S 5.2 5.0 4.6 4.5

Table 6.1: Time constants obtained in a global fit analysis for HL-FCPa and HL-FCPa
upon excitation at Aexc = 500 nm and Aexc = 550 nm, respectively.
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energy to Chl g, since this negative signal decays within a few picoseconds [130].

6.3.3 Excitation Wavelength Dependence

The excitation of the different fucoxanthin molecules Xy, and £X,..q with Aexc = 500 nm
and Aexe = 550 nm, respectively, results in noticeable differences in the transient absorp-
tion spectra. The differences were more pronounced in the FCPa data compared to the
results obtained for FCPb. The 2D-plots in Figure give an overview on the observed
differences in the transient absorption spectra for HL-FCPa and HL-FCPb. In Figure
individual transients of FCPa and FCPb are compared and in Figure transient
spectra for different delay times for FCPa are depicted.

In the carotenoid GSB region (Figure region A) around 500 nm and in the
carotenoid ESA region (region B) mainly around A, = 560 nm pronounced differences
are observed. Upon excitation of fx..q at Aexc = 550 nm the recovery of the ground
state is faster compared to the excitation of fxp.. Furthermore, the ESA around
Apr = 570 nm exhibits a faster decay and is less pronounced after excitation of fx,.q
in case of FCPa. Here also the ESA of the fucoxanthins around A,, = 640 nm decays
faster for Aexe = 550 nm in comparison with Aexe = 500 nm. The negative signal in
region D belonging to the Chl a GSB and SE is similar for both excitation wavelengths.
Probing in the NIR spectral region, the most pronounced differences are obtained for
the Sy — Sy ESA (Figure region E). For A\exc = 550 nm this ESA signal is restricted
to wavelengths below 1000 nm. Upon excitation of the So state of fxp,. molecules and
probably also diadinoxanthin and diatoxanthin at Aexe = 500 nm the ESA signal is
clearly observed up to 1080 nm. The SE signal associated with the S;/ICT state of
fucoxanthin (region F) is slightly stronger in case of Aexe = 550 nm in comparison with
the data obtained for Aexe = 500 nm.

The described differences are also nicely reflected in the individual decay curves
depicted as examples in Figure . In the visible spectral region at Ap; = 486 nm the
GSB signal decays faster upon 550 nm excitation. This feature is more pronounced for
FCPa. The ESA signal at A,y — 566 nm is more intense and exhibits a slower decay
with Aexc = 550 nm. The transients level off at different offsets associated to the ESA
of Chl a for both excitation wavelengths. At A, = 1030 nm the short lived ESA signal
attributed to the So — Sp is much stronger upon Aexc = 500 nm.

The excitation wavelength dependence is also clearly observable in the transient
absorption spectra of HL-FCPa depicted in Figure [6.11] Major differences are obtained
in the spectrum for 7p = 3 ps, i.e. the remaining GSB for A\, < 500 nm and an additional
ESA band around A, = 560 nm. In the double difference spectrum (Aexc = 500 nm
minus Aexe = 550 nm, inset Figure for 7p = 3 ps these features are even more
apparent. The transient spectra taken after 7p = 25 ps mainly consist of the Chl «a
contributions.

To obtain a satisfactory fit of the FCPa data for Aexe = 500 nm a global fit analysis
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Figure 6.9: Transient absorption changes of HL-FCPa (top) and HL-FCPb (bottom)
upon excitation of fXpiue (Aexe = 500 nm) and fxreq (Aexc = 550 nm) in the visible and
NIR spectral region. The color code has different scales for the visible and NIR spectral
region and displays the absorbance change in units 1072,
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Figure 6.10: Individual transients at selected probing wavelengths for HL-FCPa (left)
and HL-FCPb (right) after Aexc = 500 nm (green) and Aexc = 550 nm (red). The depicted
curves were normalized for optical density and excitation energy.

with five time constants (71 < 150 fs, 79 = 0.6 ps, 73 = 2.6 ps, 74 = 25 ps, and 75 = infinite)
was necessary. A comparable fit of the Agxe = 550 nm data resulted in an insignificant
fit amplitude of 74. Thus, four time constants (7 < 150 fs, 79 = 0.9 ps, 73 = 4.2 ps, and
74 = infinite) were sufficient for a good approximation of the data. The time constants are
summarized in table Around Apr = 560 nm the additional fit amplitude associated
with 74 = 25 ps for Aexe = 500 nm clearly shows the spectral features of the S; /ICT— S,
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Figure 6.11: Transient absorption spectra of HL-FCPa at different delay times for
Aexe = 500 nm (green) and Aexc = 550 nm (red). The difference Aexc = 500 nm minus
Aexc = 550 nm calculated for the spectra recorded after 3 ps is shown in the inset.
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Figure 6.12: DAS of HL-FCPa (left) and HL-FCPb (right) excited at 500 nm (green)
and 550 nm (red). The time constants obtained for Aexc = 550 nm are put in parentheses.

transition of the fxp,e molecules (Figure left panel).

In contrast, for the global fit analysis of the data obtained for FCPbD five time con-
stants were required for both excitation wavelengths (Aexe = 500 nm: 71 < 150 fs,
7o = 04 ps, 3 = 2.0 ps, 74 = 19 ps, and 75 = infinite; Agxe = 550 nm: 7 < 150 fs,
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7o = 0.7 ps, 73 = 3.0 ps, 74 = 27 ps, and 75 = infinite). The DAS corresponding to
To, T3, and 75 are similar, however, for 74 differences in the spectral shape are observed
(Figure right panel). The DAS of FCPb for Aexe = 550 nm possesses only the
spectral features of Chl a like the DAS for 7. In the DAS obtained for Aexe = 500 nm
a contribution from the carotenoids around 560 nm is clearly visible though it is weaker
compared to the DAS of FCPa for Aexc = 500 nm (Figure .

Due to their specific microenvironment within the protein the fucoxanthin molecules
obtain different spectral properties. As mentioned before, the Sg — So absorption band
is red shifted compared to fucoxanthin in solution. Furthermore, also the absorption
maxima of the different fucoxanthins vary. Comparison of the transient absorption
spectra in the NIR spectral region with regard to the two excitation wavelengths showed
a stronger ICT SE signal in case of Aexe = 550 nm for both FCPa and FCPb (Figure
, Apr = 1030 nm). According to the results obtained for fucoxanthin in solution,
it can be assumed that the red absorbing fucoxanthin molecules have a more polar
protein environment compared to the blue absorbing fucoxanthins. Moreover, there is
no evidence for a slow decaying ICT state, since the negative signal in the NIR spectral
region attributed to the SE of the ICT state decays within 2-3 ps. The dynamics of this
signal is similar for all samples and both excitation wavelengths.

6.3.4 Influence of Diadinoxanthin and Diatoxanthin on the Excitation
Energy Transfer

To investigate the influence of the xanthophyll cycle pigments on the excitation energy
transfer of the FCPs diadinoxanthin and diatoxanthin were removed from the samples.
The isolated and purified protein complexes (FCPa) were prepared in the group of Prof.
Biichel. In table the amount of pigments contained in the investigated samples is
listed normalized with respect to the Chl a content in HL-FCPa. Figure[6.13|shows the
steady state absorption spectra of the FCPa samples normalized to the Q, absorption
maximum of Chl a. The spectra are very similar independent of the growth conditions
and the amount of diadinoxanthin and diatoxanthin.

Sample | Chl ¢; | Fucoxanthin | Diadinoxanthin | Diatoxanthin
LL-FCPa 0.33 1.06 0.02 0.01
HL-FCPa 0.30 1.00 0.03 0.03
LL-FCPa* 0.35 1.05 0 0
HL-FCPa* 0.33 1.02 0 0

Table 6.2: Pigment content in FCPa samples with and without (*) the xanthophyll
cycle pigments.
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Figure 6.13: Steady state absorbance spectra of HL-FCPa (red) and LL-FCPa (black)
with (-) and without (---) diadinoxanthin and diatoxanthin. The spectra were normal-
ized to the Chl a Q, absorption at 671 nm.
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Figure 6.14: Transient absorbance spectra at different delay times 7o of HL-FCPa
excited at Aexc = 500 nm (left) and Aexc = 550 nm (right). The transient spectra
are almost identical for both samples with () and without (---) the xanthophyll cycle
pigments.

In Figure[6.14] transient absorbance spectra for different delay times 7, obtained upon
excitation at Aexc = 500 nm (left panel) and Aexe = 550 nm (right panel) are shown. All
spectra at the various delay times are almost identical for both HL-FCPa samples inde-
pendent of the xanthophyll cycle pigment content. If diadinoxanthin and diatoxanthin
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had any influence on the excitation energy transfer one would expect differences at least
for Aexe = 500 nm where the xanthophyll cycle pigment should be excited. The results
lead to the assumption that diadinoxanthin and diatoxanthin do not participate in the
excitation energy transfer of the isolated FCP complexes. It could be also possible that
they affect the dynamics too little to be observable with the resolution of the experiment.
However, the differences obtained for the two excitation wavelengths seem not to stem
from contributions of diadinoxanthin and diatoxanthin. Thus, the additional lifetime of
25 ps obtained for Aexe = 500 nm can be attributed to a blue absorbing fucoxanthin
molecule.

6.3.5 Excitation of Chl ¢,

Chl ¢o was excited directly at Aexe = 630 nm to investigate the energy transfer from
Chl ¢ to Chl a in FCPs. The 2D spectra of the transient absorption experiments are
shown in Figure (top). Upon excitation of Chl ¢z one observes a transient spectrum
of Chl a with the same spectral characteristics as obtained for large delay times for FCP
complexes after excitation of the carotenoids. This is shown in the transient spectra
taken at 7p = 1 ns for Aexe = 500 nm, Aexe = 550 nm, and Aexe = 630 nm compared
with 7p = 0.5 ps for Aexe = 630 nm in Figure [6.15] The results indicate an extremely
fast excitation energy transfer between the two chlorophyll species which could not be
resolved in this experiment. Thus, it can be assumed that this energy transfer is complete
within the first 150 fs.
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Figure 6.15: Comparison of the transient spectra recorded upon excitation of the red
and blue absorbing fucoxanthins and Chl cp.
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Figure 6.16: 2D-plots of the results obtained from Chl ¢y excitation at Aexc = 630 nm
(top) and calculated double difference spectra for HL-FCPa and HL-FCPb. The data
obtained from Aexe = 630 nm was subtracted from the data obtained from Aexc = 500 nm
(middle) and Aexc = 550 nm (bottom), respectively. The double difference spectra show
the transient carotenoids signals within the protein complexes.

The measurements were used to calculate a double difference spectrum of the spectra
obtained for Aexe = 630 nm minus Aexe = 500 nm or Aexe = 550 nm, respectively. The 2D-
plots of the calculated differences are shown in Figure for FCPa and FCPb. These
double difference spectra reflect the transient absorption dynamics of fucoxanthin in FCP
complexes. Both, the GSB and S;/ICT ESA are red shifted compared to fucoxanthin
in solution (Figure page . Additionally, the lifetime of the first excited state is
considerably shorter due to the fast and efficient energy transfer to Chl a. As observed
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for the transient spectra of FCPa and FCPb depicted in Figure[6.9]in case of the 500 nm —
630 nm double difference spectrum the S; excited state lifetime around A, = 550 nm
is longer compared to the 550 nm — 630 nm difference spectrum. As mentioned before,
this effect is more pronounced in case of the FCPa samples.

6.3.6 Energy Transfer Model

In order to demonstrate the different energy transfer pathways for the two excitation
wavelengths a model was designed for FCPa. With slight modifications the model might
also be applied for FCPb due to the similarities in the transient absorption spectra.
The model is based on analog schemes for LHC from Amphidinium carterae which con-
tains peridinin [245] and for FCPs from C. meneghiniana obtained from former transient
absorption experiments [130]. Based on the data obtained for the two excitation wave-
lengths the existence of at least two types of fucoxanthin molecules could be confirmed.
Both, red and blue absorbing fucoxanthins are supposed to transfer their excitation
energy very fast from the second excited singlet state to Chl a with lifetimes < 200 fs.
After internal conversion to the first excited singlet state energy is transferred very ef-
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Figure 6.17: Schematic model describing the excitation energy transfer in HL-FCPa
upon excitation of blue and red absorbing fucoxanthin molecules. The solid arrows depict
the main energy transfer channels. The dashed arrow represents the Chl a fluorescence
and the wavy arrows represent intramolecular decay processes. The dotted arrow denotes
the slow transfer channel most probably from a blue absorbing fucoxanthin. An energy
transfer channel from diadinoxanthin to Chl a cannot be excluded.

100



Chapter 6. Excitation Energy Transfer in FCPs

ficient from the vibrationally excited as well as relaxed S;/ICT state to Chl a resulting
in two additional lifetimes (0.6/0.9 ps and 2.6/4.2 ps for HL-FCPa).

The results from the samples without diadinoxanthin and diatoxanthin showed no ev-
idence for an energy transfer from diadinoxanthin and diatoxanthin. At least the energy
transfer from diatoxanthin can be excluded, since it was found in former experiments
that its energy lies below the energy of the Q, state of Chl a [126]. In the experiments
performed within the scope of this work neither changes in the deepoxidation ratio nor
removing of the xanthophyll cycle pigments showed any influence on the investigated
energy transfer processes. However, the energy transfer from diadinoxanthin could be
very weak since it is contained only in substoichiometric amounts. The contribution to
the measured absorption changes could be very weak and perhaps is not detectable with
the resolution of the experiment. Hence, the 25 ps time constant found in the presented
data can be attributed to the S; state of fucoxanthin. Furthermore, it can be concluded
that the first excited singlet state of this specific fucoxanthin molecule has a very weak
charge transfer character because the SE signal detected in the NIR spectral region de-
cays within 2-3 ps. In contrast the signal corresponding to the S; — S,, transition has
a lifetime of 25 ps.

6.4 Transient Anisotropy Measurements

To further investigate the energy transfer additional polarized transient absorption ex-
periments were performed with HL-FCPa. As described in the previous section, the
HL-FCPa samples were excited at 500 nm and 550 nm. Transient absorption spectra for
different relative polarizations (parallel, magic angle, and perpendicular) of pump and
probe pulses were recorded and analyzed. Therefore, the pump beam passes a zero-order
half-wave plate that allows easy adjustment of its polarization with respect to the probe
beam. To control the success of the measurements the parallel (AAH) and the perpendic-
ular (AA ) data were used to calculate the isotropic data (AA;,, = [AA +2AA4,]/3).
If the calculated isotropic data is in good agreement with the data obtained from magic
angle polarization one can assume that the experiment worked. The time dependent
anisotropy was calculated according to equation (see chapter page [25)).

Figure[6.18|contains the experimental traces and the fitting curves for both excitation
wavelengths. At A, = 486 nm the GSB of the carotenoids followed by the Chl a ESA
is visible and the kinetic trace at A,y = 590 nm shows the rise of the S;/ICT ESA
of fucoxanthin decaying into the weak, long living ESA of Chl a. As expected, the
measured decay curves have the highest values for parallel and the lowest values for
perpendicular pump/probe polarization orientation. At longer delay times all kinetic
traces decay to the same A A values. A global fit analysis of the data obtained from magic
angle polarization resulted in the same time constants as obtained for the experiments
presented in the previous section depicted in table The obtained decay times were
therefore kept constant for the analysis of the data from parallel and perpendicular
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Figure 6.18: Anisotropy data (e) and fit curves (-) of HL-FCPa after Aexc = 500 nm
(left) and Aexe = 550 nm (right). The plots demonstrate the quality of the fit with the
same time constants for all three polarizations (parallel: dark green, magic angle: green,
perpendicular: light green).

polarization. The plots in Figure including the data and the respective fit curves
demonstrate the quality of these fits.

For both excitation wavelengths the DAS are displayed in Figure [6.19] Just like the
kinetic traces the fit amplitudes are lowest for perpendicular polarization, intermediate
for magic angle polarization, and largest for parallel polarization. As mentioned be-
fore, the first time constant 73 < 150 fs is below the time resolution of the experiment,
thus the corresponding fit amplitude is not shown. Again, for 7, 73, and 75 the DAS
are very similar for both excitation wavelengths. The DAS of 75 = inf. closely resem-
ble each other. A significant fit amplitude corresponding to 74 was only obtained for
Aexe = 500 nm. For the Aexe = 550 nm data again four time constants were sufficient
for a satisfactory fit.

Besides the recovery of the GSB around Ap; = 500 nm the DAS of 75 = 0.6/0.9 ps
shows the decay of two ESA bands with their maxima at A\p = 585 nm and Apr = 680 nm,
respectively. These two maxima can be assigned to the fucoxanthin ESA of the S; state
(585 nm) and of the ICT state (680 nm) referring to the two bands obtained in tran-
sient absorption measurements of fucoxanthin in polar solvents (see chapter . The
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Figure 6.19: DAS for HL-FCPa upon excitation at Aexc = 500 nm (top) and
Aexe = 550 nm (bottom) derived from the global fit analysis with fixed time constants for
all polarizations. The amplitudes for Tin¢ are similar for both excitation wavelengths
and thus not shown for Aexc = 550 nm. Again, for describing the dynamics upon
Aexe = 550 nm four time constants are sufficient, thus a respective amplitude for 74
does not exist.

maximum around Ap; = 585 nm associated to the S; ESA of fucoxanthin is slightly blue-
shifted in case of Aexe = 500 nm. Around 675 nm the DAS for 73 contain a contribution
of the GSB/SE decay of Chl a with the same magnitude for all polarizations. According
to that the anisotropy vanishes after the energy transfer from the fucoxanthin molecules
to Chl a as can be also concluded from the transient dynamics depicted in Figure [6.18
Upon Aexc = 500 nm the DAS of 74 = 25 ps mainly contains the spectral features of the
decay of the S;/ICT —S ,, transition of the blue absorbing fucoxanthins shifted further
to the blue with a maximum around A, = 550 nm. The DAS of 75 = inf represents the
difference spectrum at the maximum observation time of 7p = 1.5 ns. The DAS show an
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Figure 6.20: Left: Time dependent anisotropy decay r(t) calculated from the parallel
(AA)) and perpendicular (AA) signals for Aexc = 500 nm (top) and Aexe = 550 nm
(bottom). The solid lines represent the fit curves of the calculated anisotropy values.
Right: Fit curves for several probing wavelengths corresponding to the S; (blue) and the
ICT (red) ESA signal. The time axis is restricted to delay times less than 300 ps.

identical shape for both excitations wavelengths displaying solely Chl ¢ characteristics.
The amplitudes are equal for all polarizations which is equivalent to an isotropic signal.
It can be concluded that the initial anisotropy becomes zero after the energy transfer
from fucoxanthin to Chl ¢ is finished and probably most of the excitation energy is
transferred to the Chl ¢ molecules.

The analysis of the temporal behavior of the anisotropy was possible in the spectral
region between 550 nm and 650 nm where only the S;/ICT ESA signal of fucoxanthin
contributes. Figure (left panel) contains the exemplary results at Ap, — 582 nm
and Apr = 630 nm for Aexe = 500 nm (top) and at A\py = 614 nm and A, = 654 nm for
Aexe = 550 nm (bottom). The data points represent the calculated anisotropy values from
the parallel (AA|) and perpendicular (AA ) signals at different delay times. The solid
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Chapter 6. Excitation Energy Transfer in FCPs

lines in all four panels show the curves obtained from the fit analysis of the calculated
time dependent anisotropy for different probe wavelengths.

At early delay times before the excitation energy transfer takes place high positive
anisotropy values are expected. These initial anisotropy values are hard to determine
due to the coherent artifact around delay time zero. Furthermore, the So state of the
fucoxanthins is excited which decays to the S;/ICT state or directly transfers its ex-
citation energy to Chl a extremely fast with a time constant in the range of the time
resolution of the experiment. Thus, the initial anisotropy values r(t) decrease almost
instantaneous within the first 100 fs to a constant value. These anisotropy values most
probably reflect the transition dipole moments of the excited fucoxanthins in the S; /ICT
state. Subsequently the anisotropy value again decays with faster dynamics obtained
for Aexe = 550 nm which is in accordance with the faster dynamics observed for the
kinetics shown in the Figures and (page . The anisotropy values and the
time dependent decays not only vary for the two excitation wavelengths but also de-
pend on the probing wavelength. The right panels in Figure [6.20] show the anisotropy
decays for the whole analyzed spectral region. Taking into account that the S; state of
fucoxanthin absorbs in the blue region of the ESA band, whereas the ICT ESA signal
is observed in the red part, different anisotropy values for the two states can be ob-
tained. For A\exc = 500 nm the anisotropy value decays from r(t) = 0.20 to an offset of
r(t) = 0.08 after ~ 100 ps in the spectral region between 550 nm and 574 nm which is
associated with Sy — S, transition (Figure blue curves). The anisotropy value for
this spectral probing region is higher (r(t) = 0.30) upon excitation with Aexc = 550 nm.
However, it decays faster compared to the data obtained for Aexe = 500 nm to approxi-
mately the same offset (r(t) = 0.09). After Aexc = 550 nm the ESA band of fucoxanthin
appears to be red shifted and is thus superimposed by the strong negative signal of Chl a
around Ap; = 675 nm. The anisotropy decay attributed to the ICT ESA of fucoxanthin
(Figure , red curves) at Ap; = 654 nm for Aexc = 550 nm is again faster and drops
from r(1 ps) = 0.17 to r(< 30 ps) = 0. Upon Aexc = 500 nm the anisotropy value
corresponding to the ICT ESA band (A, = 606-654 nm) decays from r(1 ps) = 0.12
to r(> 300 ns) = 0. The green curves in Figure (right panels, Apr = 582-598 nm
and Apy = 638-646 nm) correspond to the spectral region between the S; and ICT ESA
bands and can not be clearly assigned.

The instantaneous decay of the anisotropy value due to the internal conversion from
the excited Sy state to the S /ICT state of fucoxanthin indicates that the S; /ICT transi-
tion dipole moment is oriented differently from the So transition dipole moment. Assum-
ing an initial anisotropy value of 0.4 the angles between the transition dipole moments
can be calculated. For Aexc = 500 nm the obtained anisotropy values correspond to av-
eraged angles of 35° (S1) and 43° (ICT) between the transition dipole moments. In case
of Aexe = 550 nm the calculated angles are slightly smaller with 24° (S;) and 38° (ICT).
In previous anisotropy studies by Andersson et al. [246,247| with other carotenoids in
solution an angle of 23° was obtained between the Se and S; transition dipole moments.
The investigation of the peridinin-chlorophyll protein (PCP) with polarized transient
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stroma

Figure 6.21: Simplified FCP model adopted from Figure (page The arrows
denote possible energy transfer channels between the pigments contained in a monomer.
The dark blue arrows represent the energy transfer from a fucoxanthin to Chl a via a
second fucoxanthin molecule resulting in a slower transfer channel.

absorption spectroscopy by Kriiger et al. [153] revealed an angle of 25° between the So
and S; transition dipole moments.

The dependence of the anisotropy value on the probing wavelengths in the S;/ICT
ESA region indicates that the transition dipole moments of the S; state and the ICT state
slightly differ. In addition, the anisotropy value varies with the excitation wavelength.
The averaged angle of 24° obtained for Aexc = 550 nm and attributed to the S; — S,
transition matches the findings for PCP and other carotenoids ,. In case of
Adexc = 500 nm the mean angle is larger (35°), indicating that the determined anisotropy
values are a mixture of the blue absorbing fucoxanthin molecules.

In LHCII the energy transfer from Chl b to Chl a is very fast with a time constant
in the range of ~ 250 fs [248-251|. Due to the results of the excitation of Chl ¢z one can
assume that the energy transfer from Chl ¢y to Chl a in FCPs is equally fast. Thus, an
ultrafast energy transfer from fucoxanthin via the Chl ¢y molecule could also be possible.
Furthermore, an energy transfer between the S;/ICT states of different fucoxanthin
molecules before the transfer to Chl ¢ cannot be excluded. In theoretical studies of PCP
Damjanovi¢ et al. found out that the S; — S; energy transfer between two peridinin
molecules is much slower compared to the energy transfer from the peridinin S; state to
Chl a [252]. If we assume a similar kinetic situation for fucoxanthin in FCP, a S; — 53
excitation energy transfer between two blue absorbing fucoxanthin molecules preceding
the S; — Chl a energy transfer could be responsible for the additional lifetime of 25 ps
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Figure 6.22: Modified schematic model describing the excitation energy transfer in HL-
FCPa. In contrast to Figure [6.17] the energy transfer between two fucoxanthin molecules
is considered based on the results from the anisotropy experiments. In this model the
Chl ¢z — Chl a energy transfer is not included.

upon Aexe — 500 nm. This in accordance with the dynamics observed for the intersected
GSB/SE signal of Chl a around A, = 675 nm (Figure [6.10). Around m = 25 ps this
signal already decreases for Aexe = 550 nm, whereas for Aexe = 500 nm it slightly rises.

The FCP model is depicted in Figure [6.21] and the modified transfer scheme in
Figure [6.22) can be used to summarize the presented results. Based on previous Stark
spectroscopy measurements [42] and the presented results above, it can be assumed
that the FCPs contain one red absorbing fucoxanthin molecule transferring the energy
directly to one Chl a molecule (red arrow). Two of the three remaining fx;,. molecules
per FCP monomer seem to transfer the excitation energy directly to Chl ¢ and should
therefore be located close to them (light blue arrows). At least one blue absorbing
fucoxanthin molecule is probably not strongly associated with a Chl ¢ molecule and
seems to transfer its excitation energy via a second fucoxanthin molecule to Chl a (dark
blue arrows). This is in agreement with the faster overall energy transfer rate in FCPa
and which is also evident in the anisotropy decay for Aexe = 550 nm and the slow transfer
channel which is active in case of A\exe = 500 nm. Chl co transfers its excitation energy
very fast and efficient to Chl a (yellow arrow).
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Chapter 7

Coherent Effects

Life’s a boz of chocolates, Forrest. You never
know what you’re gonna get.

(Mrs. Gump in Forrest Gump)

In most of the transient absorption spectra measured within the scope of this work
the ultrafast dynamics are superimposed by oscillations. These coherent contributions
mainly appear in the red edge of the transient absorption spectra recorded in the visible
spectral region corresponding to the S;/ICT ESA of fucoxanthin. The oscillations are
reproducible and observed for different carotenoids in solution as well as FCP complexes.
In the following chapter the coherent effects are analyzed and possible explanations are
discussed.

Additional experiments were performed in order to investigate the influence of dif-
ferent parameters on the oscillatory features. The dependence on the excitation and
probing wavelength as well as on the solvent environment was studied for fucoxanthin.
For a better resolution of the oscillations the time resolution of the transient absorption
measurements was optimized by means of the prism compressor in combination with the
autocorrelator. Time resolutions down to 50-80 fs could be achieved depending on the
probing wavelength.

7.1 Carotenoids in Solution

In Figure[7.I]the transient absorbance changes upon excitation at Aexc = 500 nm of fuco-
xanthin in ethanol are displayed in a 2D-plot. The spectral region between 675-750 nm
is enlarged from -0.2 ps to 1 ps in the right panel to demonstrate the oscillations which
superimpose the excited state dynamics. In Figure single transients at Apy — 488 nm
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Figure 7.1: 2D-plot of the transient absorption spectra of fucoxanthin in ethanol fo-
cusing on the oscillations observed in the red edge of the S1/ICT ESA region.
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Figure 7.2: Individual transients of fucoxanthin in ethanol with coherent oscillations
observed in the GSB (A, = 488 nm) and ESA region (Ap: = 712 nm). The data (dots) is
fitted (black solid line) with a sum of exponentials in a global fit analysis. The fit curve
is subtracted from the data to obtain the pure oscillations (red solid line).

and Apr = 712 nm for fucoxanthin in ethanol are depicted. Though in most cases the
oscillations are observed between A\p, = 670 — 750 nm in the red edge of the S;/ICT
ESA region for a few samples also coherent effects are monitored in other spectral re-
gions. In this case the oscillatory features superimpose the GSB signal of fucoxanthin
at A\pr — 488 nm.

The oscillatory features are analyzed by fitting of the data with a sum of exponential
decays in a global fit analysis. Obviously, the oscillations superimposing the kinetics
cannot be described by a simple combination of exponential decays. The fitting curves
obtained either by a global analysis or by fitting of the single transients thus only account
for the exponential kinetic components and do not describe the coherent contributions
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Figure 7.3: Coherent artifact obtained for pure ethanol between A\, = 690 — 750 nm
(left). The solvent signal was analyzed by a Fourier transformation (right) like done for
the residuals of the samples.

as shown in Figure The fitting curves are subtracted from the original data. The
residual curves contain the pure oscillations (Figure red solid line). For further
analysis the residuals were Fourier transformed. It has to be mentioned, that with this
method it is not possible to separate the first oscillation from the coherent artifact and a
potential ultrafast kinetic, since they all appear on the same time scale. The amplitude
of the fast time constant may thus contain contributions of all of these three effects.
Consequently the amplitude of the first oscillarory part would be underestimated in the
residual plot leading to the unusal damping behaviour observed in most experiments.

To ensure that the observed oscillations are not due to contributions of the coherent
artifact to the excited state dynamics, the signals observed for measurements with the
pure solvent were analyzed just as the oscillatory features obtained for the samples.
The coherent artifact was characterized in the spectral region where the oscillations are
most pronounced in case of the dissolved carotenoids as well as the FCP complexes.
The coherent artifact of ethanol is shown in Figure (left panel) for different probing
wavelengths and the corresponding FFT spectra are shown in the right panel. In case of
pure ethanol for the frequency a mean value of ~ 300 cm ™! was obtained corresponding
to an oscillation period of ~ 110 fs. The purpose of this analysis was just to compare
the FFT spectra of both solvent and sample and were not done in order to determine
a mode of ethanol. However, the obtained frequency of ~ 300 cm™! is comparable to
values obtained in a comprehensive analysis of the coherent artifact by Kovalenko et
al. [238]. In the cited publication different effects contributing to the coherent artifact
are considered. The analysis of oscillations caused by impulsive stimulated Raman-
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7.1. Carotenoids in Solution

scattering resulted in a prominent mode at 367 cm~! for pure chloroform [238]. Though
the values are similar for ethanol comparable oscillatory features are not observed. The
FFT spectra displayed in Figure are only due to the coherent artifact itself and do
not show a vibrational mode in ethanol.

Fucoxanthin

To further characterize the oscillations for a range of different conditions such as the
excitation and probing wavelengths as well as the solvent environment, a large number
of experiments with fucoxanthin were performed. The results for fucoxanthin dissolved
in acetonitrile, ethanol, diethyl ether, and n-hexane are displayed in the left panel of
Figure [7.4] The excitation wavelength was varied from Aexe = 480 nm to 500 nm and
520 nm. The oscillations show a very unusual damping behavior since they disappear
already after two periods. They were more pronounced in polar solvents. In case of
acetonitrile and diethyl ether the coherent effects are most prominent upon excitation
at Aexc = 480 nm. The second oscillation period is even higher than the first one. The
transient absorption spectra recorded for fucoxanthin in ethanol seem not to have a
significant excitation wavelength dependence. In principle, the residual curves show a
very similar temporal behavior of the oscillatory features for all solvents and excitation
wavelengths.

In Figure the corresponding FFT spectra are depicted and compared for ethanol
with varying excitation and probing wavelengths (upper panels) as well as for different
solvents (lower panel). The obtained values for the frequencies and corresponding periods
of oscillation are summarized in table The frequency values of ~ 100 cm~! are
significantly shorter compared to the values of ~ 300 cm~! obtained for the coherent
artifact of pure ethanol depicted in Figure Thus, the coherent artifact can be

excluded as the origin of the coherent effects.

In case of fucoxanthin in ethanol the maximum of the FFT spectra is located
around 95 cm~! corresponding to an oscillation period of ~ 350 fs upon excitation
with Aexe = 500 nm. The FFT spectra are very similar independent of the probing
wavelengths. Nearly identical FFT spectra and oscillation periods are obtained for
Apr = 718 nm (Figure right upper panel) and A, = 734 nm (data not shown).
In contrast slightly different frequency values are obtained for the different excitation
wavelengths. Though the FFT spectral width is similar the maxima shift to higher
frequencies with increasing excitation wavelength.

For fucoxanthin in acetonitrile the frequencies of the oscillations were ~ 100 cm™!
with a slightly shorter oscillation periods of & 320 fs compared to ethanol. For acetoni-
trile the oscillation period is nearly constant independent of the probing and excitation
wavelengths. With decreasing solvent polarity the period of oscillations seems to in-
crease further, since for diethyl ether and n-hexane frequencies of ~ 70 cm~! (= 480 fs)
and ~ 80 cm~! (= 420 fs) were obtained, respectively. This solvent dependence has to
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Figure 7.4: Oscillatory features in the transient absorbance data of fucoxanthin in
acetonitrile, diethyl ether, ethanol, and n-hexane (left; symbols: data, line: smoothed
curve; normalized) and corresponding residual curves (right; original data) for different
excitation wavelengths.
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Figure 7.5: FFT spectra calculated for fucoxanthin in ethanol depending on the probing
(left upper panel) and excitation wavelengths (right upper panel). In the lower panel FE'T
spectra of fucoxanthin in the different solvents are plotted. The curve for fucoxanthin in
diethyl ether was obtained for A, = 734 nm (see also table[7.1)) instead of Ap; = 726 nm
as shown for the other solvents.

be characterized in more detail since the residue curves obtained for diethyl ether and
n-hexane could hardly be analyzed. Due to the noisy residue curves it was not possible
to obtain a distinct maximum in the FFT spectra with the two exceptions depicted in
Figure and given in table

It has to be mentioned that the experimental parameters of the pump as well as the
probe pulse seem to influence the strength of the coherent oscillations. By adjusting the
excitation wavelengths with the NOPA and the pulse durations by means of the prism
compressor the chirp of the pulse is also affected. In addition, the chirp of the white light
is influenced by its adjustment. In the performed transient absorption measurements
the wavelength and duration of the pump pulse as well as the stability of the probe light
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were controlled, but the chirp of the pulses was not characterized. It was found that
the strength of the modulations varied without varying the excitation wavelengths but
by adjusting the prism compressor to improve the time resolution. First the oscillatory
contributions seemed to increase with shorter excitation pulses. But with decreasing
pulse duration the oscillations decreased again. Thus, it is assumed that the chirp also
influences the coherent oscillations. Further investigations with a controlled chirp of the
applied pulses will be necessary to clarify if the coherent features depend not only on
excitation and probing wavelength but also on the chirp of the respective pulse.

B-Carotene

Similar coherent effects were obtained for B-carotene. In Figure the results for
[B-carotene in acetonitrile are depicted. The individual transients depicted in the left
upper panel are recorded in the NIR spectral region where the So — Sy transition
occurs. The oscillations were analyzed as for fucoxanthin. The residual curves and the
calculated FFT spectra are similar for all probing wavelengths with only slight shifts of
the maximum of the FFT spectra.

The obtained frequencies of about 180 cm ™! are higher compared to fucoxanthin in

acetonitrile as well as the other solvents (=~ 100 cm~!). This corresponds to a faster
oscillation period of &~ 185 fs. The values obtained for S-carotene are comparable to the
frequencies found for lutein by Ostroumov et al. [79]. In the cited publication coherent

Acetonitrile
Apr = 710 nm | A\py = 718 nm | Apr = 726 nm | Ay = 734 nm
Aexc = 480 nm - 105 (320) — -
Aexe = 500 nm 100 (330) - 100 (320) 100 (320)
Aexe = 520 nm - 105 (320) - 105 (320)
Ethanol
Aexe — 480 nm - 80 (420) - 80 (420)
Aexe = 500 nm 95 (350) 95 (350) 95 (350) 95 (350)
Aexe = 520 nm - 105 (320) - 105 (320)
Diethyl Ether
Aexc = 480 nm — | — | — [ 70 (480)
n-Hexane
Aexc = 500 nm - ‘ - ‘ 80 (420) ‘ —

Table 7.1: Frequencies in cm™* and corresponding periods of oscillation in fs (in paren-
theses) for fucoxanthin in different solvents. A dash means that the residue curve was
too noisy to obtain a distinct maximum in the FFT spectra.
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Figure 7.6: Oscillations in the transient absorption data of S-carotene in acetonitrile
in the NIR probing region excited at Aexc = 500 nm and corresponding residual curves
(upper panels) as well as Fourier transformed spectra (lower panel).

effects occurring in the transient absorbance spectra of S-carotene and lutein in different
solvents are discussed. The specified value for lutein in nonpolar solvents was 210 cm™

corresponding to an oscillation period of 160 fs.
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7.2 FCP Complexes

The unusual oscillations occur not only in the transient absorption spectra of the
carotenoids in solution but also superimpose the ultrafast dynamics of the FCP com-
plexes. In Figure (upper panel) exemplary single transients at Apr = 726 nm are
depicted. For both FCP complexes the oscillations are more pronounced upon excitation
of the blue absorbing fucoxanthing with Aexe = 500 nm. As for carotenoids in solution
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Figure 7.7: Oscillatory features in transient absorbance data (top) of FCPa (left) and
FCPb (right) after excitation with Aexc = 500 nm (green) and Aexc = 550 nm (red). The
depicted individual kinetic traces were recorded at A\p; = 726 nm. FFT spectra (bottom)
calculated for Aexc = 500 nm (solid lines) and Aexc = 550 nm (dashed lines) compared
for different probing wavelengths.
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FCPa FCPb | Fucoxanthin
dexe = 500 nm | 60 (550) | 45 (740) | ~ 100 (330)
Aexe = 550 nm | 80 (420) | 55 (610) -

Table 7.2: Frequencies in cm™! and corresponding periods of oscillation in fs (in paren-
theses) for FCPs and fucoxanthin in polar solvents.

the oscillations disappear already after two oscillation periods.

In the Fourier transformed spectra (Figure lower panel) the maxima shifted to
lower frequencies compared to fucoxanthin in solution. In table the values for the
frequencies and corresponding oscillation periods obtained for the FCP complexes are
summarized. The frequency of ~ 80 em™! (= 420 fs) for FCPa upon Aexc = 550 nm
is the only value comparable to the values for fucoxanthin in solution. The oscillation
period for Aexe = 500 nm was longer with ~ 550 fs (60 cm™!). In case of FCPb the
same trend was found with ~ 610 fs (55 cm™!) for Aexe = 550 nm and a longer period
of &~ 740 fs (45 cm 1) for Aexc = 500 nm.

In chapter [6.3.3]it was assumed that the red absorbing fucoxanthin molecules are lo-
cated in a more polar protein environment compared to the blue absorbing fucoxanthins,
since the ICT SE signal in the NIR spectral region was stronger for Aexc = 550 nm. This
assumption is further confirmed by the results obtained from the analysis of the coherent
effects in the FCP complexes. For both FCPs the frequencies obtained for the excitation
of the blue absorbing fucoxanthins (Aexc = 500 nm) were smaller compared to the case
when red absorbing fucoxanthin molecules are excited (see table[7.1]). In case of fucoxan-
thin in solution for nonpolar solvents the frequencies were lower (70/80 cm ') compared
to a polar solvent environment (=~ 100 cm~!). Thus, the results from the analysis of the
coherent effects are an additional evidence for a more polar protein environment of the
red absorbing fucoxanthins.

7.3 The Origin of the Coherent Effects

Similar coherent effects were described before for G-carotene and lutein in different sol-
vents [79,253]. Lustres et al. reported on amplitude modulations of transient absorption
spectra at early delay times. The oscillations were observed for S-carotene in tetrahydro-
furan (THF) after excitation at Aexc = 520 nm and were most pronounced in the range
between 400 and 500 nm corresponding to the GSB signal. They determined a constant
oscillation period of = 350 fs. According to the authors interpretation the origin of the
oscillations is an electronic coupling between initially populated adiabatic states. In case
of B-carotene this would refer to the vibronic coupling between the quasi-degenerated
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vibronic states of the So and the ’dark’ S; state. Additional dark excited states were
not included in this interpretation [253].

Ostroumov et al. investigated the ultrafast transient absorption dynamics of [-
carotene and lutein with respect to the highly damped oscillatory features [79]. The
oscillations showed a strong dependence on the excitation wavelength and the solvent
and were more pronounced in case of lutein than in S-carotene. The coherent effects were
observed in the probing region between 600 and 700 nm, where the S; ESA absorption
and the So SE emission contribute to the transient signal. Vibrational coherences in the
ground state were excluded as cause for the coherent effects due to the oscillation period
of 160 fs. Vibrational coherences typically have much higher frequencies (> 1000 cm™!),
larger dephasing times, and occur in other wavelength regions [81]. Coherent excitation
of strongly coupled excited states resulting in electronic quantum beats were assumed to
be the origin of the oscillations [79]. The authors excluded the coupling between the So
and the S; state being the reason for the coherent features. The high frequency of the
oscillations requires a strong coupling which is not possible for the Se and the S; state
due to the large energy gap of ~ 7000 cm~!. It is thus supposed that another electronic
dark state — namely the 1B, state — located closer to the Sy state is responsible for the
oscillations. According to the authors interpretation this further confirms the existence
of this dark state and its involvement in the internal conversion processes [79].

According to the results and their interpretation a model scheme concerning the
excited state dynamics of lutein in diethyl ether was proposed [79]. The schemes depicted
in Figure [7.§ are adopted from this model to visualize the explanation of the coherent
effects. Due to the coherent excitation of the coupled electronic states 1B, and 1B}
wavepacket motions between the two states are possible. This electronic quantum beat is
supposed to be respounsible for the observed oscillations. The unusual damping behavior
results from the very short lifetime of the So excited state since after internal conversion
to the S; state the coupling of the two higher excited states is abolished.

Though the quantum beats are a reasonable explanation for the oscillatory feature
and their unusual damping behavior observed in this work there is one drawback in
the assumptions. The decay of the S state to the S; state is ultrafast with lifetimes
between 100 fs and 300 fs [5]. However, for fucoxanthin and [-carotene the period of
oscillation is longer than the Sy lifetime with values > 300 fs. Thus, it has to be assumed
that the lifetime of the So state is extended due to its repopulation from the 1B state.
However, this can not explain the observations in the NIR spectral region where the
So — Sy transition occurs. Here the oscillations were not observed or very weak except
for B-carotene.

Another possible explanation for the coherent oscillations is based on two-
dimensional correlation spectroscopy of S-carotene performed by Christensson et al.
[254]. This double-quantum two-dimensional spectroscopy (2Q-2D) was applied to se-
lectively probe a state above the Sy state populated by an additional So — Sy transi-
tion [254]. The corresponding ESA signal is supposed to appear in the visible spectral
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7.3. The Origin of the Coherent Effects
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Figure 7.8: Excited state dynamics of carotenoids including the dark 1B state. The
model assumes a strong coupling between the 1B, and 1B state, which is responsible
for the coherent effects in the transient absorption dynamics of carotenoids. The model
was adopted from Ostroumov et al. |[79] where it was published to explain the dynamics
of lutein in diethyl ether.

region. In transient absorption spectra the ESA signal observed in the NIR spectral
range can clearly be assigned to the So — Sy transition since it is not superimposed by
any other transient dynamics. Such an assignment would not be possible for a similar
ESA corresponding to a So — Spyo transition due to the overlapping signals with the
GSB, the So — S SE, and the S;/ICT — S,, ESA. In contrast, the 2Q-2D experiment
is insensitive to GSB and SE signals, hence a characterization of the ESA of the Sq state
is possible without disturbing negative contributions. The characterization of this ad-
ditional ESA (S2 — Sp9) in the visible spectral region by 2Q-2D spectroscopy revealed
that this pathway has to be considered in ultrafast excited state dynamics of carotenoids
since it modulates the transient dynamics at early delay times.

In addition, Christensson et al. calculated transient absorption signals taking the
So — Spyg transition into account [254]. These transients showed a modulation similar
to the highly damped oscillations observed in the transient absorption data presented
above and described for f-carotene and lutein |79,[253|. Based on the calculations an
effective oscillation period of ~ 120 fs was determined. The modulations showed an
excitation as well as a probing wavelength dependence. They were most pronounced
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upon pumping close to the first peak of the absorption spectrum with Agxe = 476 nm
and were hardly observed for Aexe = 500 nm. In case of Ap; = 615 nm the modulations
were stronger compared to Apr = 580 nm. Only for a combination of Aexe = 476 nm
and Ap; = 615 nm the rise of the SE and S; — Sy2 ESA are sufficiently different
resulting in significant modulations of the transients [254]. According to the authors
interpretation the different excitation wavelengths vary the nuclear modes of the Sg state
and thus alter the shape and amplitude of the spectra as well as the temporal behavior
of the dynamics. Pumping in the red edge of the absorption spectra without excess
vibrational energy results in a faster rise of the SE signal as well as a faster decay of the
So — Sno ESA signal and a concomitant decrease of the So — Syo ESA amplitude. The
dependence on the probing wavelength is much more complicated making the analysis of
the coherent features very difficult. Thus, further 1Q-2D and 2Q-2D experiments have
to be performed to complete the information concerning the modulation of transient
absorption spectra [254]. However, an additional So — Sy transition which appears in
the visible spectral region can explain the experimentally observed coherent oscillations
without the inclusion of additional dark electronic states located close to the second
excited singlet state. It can also explain the strong excitation and probing wavelength
dependence of the oscillations and the varying strengths of the coherent effects in similar
transient absorption experiments.

Nevertheless, it has to be mentioned that the modulation of the excited state dy-
namics was also obtained for S-carotene in the Sg — Sy ESA region in the NIR spectral
region (Figure as well as for fucoxanthin in the GSB region (Figure [7.2). It could
be assumed that the So — Syo ESA is very broad. It is also possible that the coherent
effects are the result of a combination of excited state dynamics not observable with
transient absorption spectroscopy. Both considered causes could contribute to the co-
herent effects and have a different impact depending on the carotenoid structure and its
environment.
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Chapter 8

Concluding Remarks

Luke, you’re going to find that many of the truths we
cling to depend greatly on our own point of view.

(Ben ’Obi-Wan’ Kenobi in Star
Wars VI: Return of the Jedi)

The aim of this thesis was to elucidate the excitation energy transfer in the
fucoxanthin-chlorophyll proteins isolated from the diatom Cyclotella meneghiniana in
detail and to clarify the role of the different pigments contained. Because the protein
complexes possess several different pigments, complicated energy transfer processes upon
photoexcitation are expected. Thus, in a first step the excited state dynamics of the free
pigments were studied by means of time-resolved absorption and fluorescence techniques
combined with steady state absorption spectroscopy.

The FCP complexes possess three different carotenoid species. Besides the main
light-harvesting carotenoid fucoxanthin the xanthophyll cycle pigments diadinoxanthin
and diatoxanthin are found. Diadinoxanthin can be deepoxidised to the photoprotective
diatoxanthin under high light conditions. This so called diadinoxanthin cycle is compara-
ble to the violaxanthin (xanthophyll) cycle and the increase of the diatoxanthin content
is associated with the nonphotochemical quenching process in diatoms. In case of diadi-
noxanthin and diatoxanthin, changing the solvent polarity showed no significant effects
on the absorption spectrum and its vibronic structure and the excited state dynamics
were hardly influenced. The transient absorption spectra of both carotenoids showed a
ground state bleach and a strong S; — S), excited state absorption. For diatoxanthin
faster kinetics were observed than for diadinoxanthin.

In contrast to the substoichiometric amount of the xanthophyll cycle pigments, fuco-
xanthin is contained in a rather unusual carotenoid-to-chlorophyll ratio of about one. A
carbonyl group conjugated with the m-electron system of the carbon chain is responsi-
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ble for the solvent dependence observed in the absorption spectrum and excited state
dynamics of fucoxanthin. The spectral broadening and accompanied vanishing vibra-
tional structure of its absorption spectrum can be explained with a broad distribution
of isomers further enhanced by the charge transfer character of the ground state. In
polar solvents the charge transfer character is stronger and protic solvents can further
stabilize it by forming a hydrogen bond to the carbonyl oxygen. Also the excited state
dynamics of fucoxanthin differs from those of carotenoids lacking the carbonyl group
and show unique features. These include a strong S lifetime dependence on the solvent
polarity, an additional broad excited state absorption band red shifted compared to the
S1 excited state absorption, and the appearance of a stimulated emission band in the
near-infrared spectral region. All these effects can be explained by an intramolecular
charge transfer (ICT) state. The occurrence of the described features depends on the
solvent since the charge transfer state is stabilized in a polar environment. For the S;
and the ICT state distinct excited state lifetimes could not be obtained, leading to the
conclusion that these states are coupled.

Despite its rather short excited state lifetimes of less than 200 fs (So) and 30 — 60 ps
(S1), fucoxanthin acts as a very efficient energy donor in the FCP complexes. The ultra-
fast energy transfer dynamics of the isolated proteins FCPa and FCPb were investigated
in a comprehensive study using static fluorescence spectroscopy as well as transient
absorption in the visible and near infrared spectral region complemented with polarized
transient absorption spectroscopy. The experiments focused on the dependence of the
energy transfer on the growth conditions, the oligomeric state, as well as the excitation
wavelength.

Neither the energy transfer efficiencies determined by fluorescence measurements
nor the excitation energy transfer were influenced significantly by changing the light
conditions during the growth, which yields an altered amount of the xanthophyll cycle
pigments. Additional experiments with FCP complexes devoid of diadinoxanthin and
diatoxanthin were performed but no significant dynamic changes were observed. There-
fore, it can be concluded that the contribution of the xanthophyll cycle pigments to
the energy transfer is not significant. The altered oligomerization state of both antenna
systems results in a more efficient energy transfer for FCPa, which is also reflected in the
different Chl @ fluorescence quantum yields. Thus, an increased quenching in the higher
oligomers of FCPb can be assumed. Chl-Chl excitation energy transfer was addressed
by the excitation of Chl ¢y at 630 nm. The results indicated an extremely fast excitation
energy transfer between the two chlorophyll species which seems to be complete in less
than 150 fs.

The observed dynamics change drastically for two different excitation wavelengths
Aexc = 900 nm and Aexe = 550 nm, which both lead to the population of the So excited
state of individual carotenoids. With the excitation at the two wavelengths it was possi-
ble to confirm the existence of two fucoxanthin species, namely blue and red absorbing
fucoxanthin molecules. Most likely, the differing absorption maxima result from distinct
microenvironments within the protein. For FCPa an additional slow time constant of
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25 ps was found after excitation at 500 nm. It can be assigned to either the intrinsic
lifetime of blue absorbing fucoxanthin molecules or an additional slow energy transfer
channel. By means of polarized transient absorption spectroscopy applied to the trimeric
FCPa different transition dipole moments for the S; and the ICT state of fucoxanthin
could be identified. Furthermore, distinct transition dipole moments for the first excited
state were obtained depending on the excitation wavelength.

Based on the presented studies a detailed model explaining the excitation energy
transfer pathways could be developed and the pigment arrangement in FCPa could be
further characterized. It can be assumed that the protein contains one red absorbing
fucoxanthin molecule that transfers the energy directly to one Chl a molecule. Two of
the three remaining fucoxanthins which absorb around 500 nm transfer their excitation
energy also directly to Chl a molecules and should therefore be associated with the
chlorophylls. In agreement with the faster overall transfer rate which is also evident
in the anisotropy data in case of 550 nm excitation, upon excitation at 500 nm one
slow transfer channel is active. It can be attributed to a blue absorbing fucoxanthin
not strongly associated with a Chl a molecule. Most likely excitation energy transfer
takes place between the S; /ICT states of two different fucoxanthin molecules before the
energy is transferred to Chl a. The rapid energy transfer from Chl ¢2 to Chl @ indicates
that one Chl q is located very close to the Chl ¢y molecule.

Additional transient absorption experiments with an improved time resolution were
performed to investigate the oscillations observed in various datasets. These coherent
effects superimposed the kinetics of isolated carotenoids as well as FCP complexes within
the first 500 fs. The oscillations showed a very unusual damping behavior and vanished
already after two oscillation periods. In case of fucoxanthin, the solvent environment as
well as the excitation wavelengths had an influence on the oscillations. The frequencies
of the oscillations were 70-100 cm ™! for fucoxanthin in solvents with varying polarity
and 50-80 cm~! for the FCPs at both excitation wavelengths. These results could
further confirm the assumption that the red absorbing fucoxanthin molecules are located
in a more polar environment within the protein compared to the blue absorbing fuco-
xanthins. To clarify the origin of the oscillations in more detail, further experiments with
a controlled chirp of the applied pulses and comparison between different carotenoids
in various solvents are required. This approach promises to give further insight in the
excited state dynamics and to answer the question whether dark states are involved.
Right now, the coherent excitation of the strongly coupled excited states 1B (S3) and
1B, resulting in electronic quantum beats and the existence of an additional short lived
excited state absorption (S — Sy2) in the visible spectral region are the most reasonable
explanations for the occurrence of the coherent effects in the transient absorption spectra
of carotenoids.
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Chapter 9

Zusammenfassung

Ziel der vorliegenden Arbeit war die detaillierte Untersuchung des ultraschnellen Ener-
gietransfers (50 fs — 100 ps) in Fucoxanthin-Chlorophyll-Proteinen (FCPs), die aus
Kieselalgen isoliert wurden. Um die Rolle der enthaltenen Carotinoide beim Energie-
transfer in den Lichtsammelkomplexen zu untersuchen, wurden sowohl die isolierten
Pigmente als auch die Proteinkomplexe mittels zeitaufgeldster optischer Spektroskopie
untersucht. Hierbei lagen die Schwerpunkte auf den lichtinduzierten Dynamiken der
Carotinoide in verschiedenen Loésungsmitteln sowie den Energietransfer-Reaktionen
innerhalb der Proteine in Abhéingigkeit ihrer Pigmentierung, Oligomerisierung und der
Anregungswellenlénge.

Photosynthese und Diatomeen

Die Natur hat zur Nutzung des Sonnenlichts als Energiequelle ein erstaunlich effizientes
System entwickelt: die photosynthetischen Komplexe. Organismen, die zur oxygenen
Photosynthese befdhigt sind, sind perfekt an ihre Umgebung angepasst und haben
eine Vielzahl so genannter Lichtsammelkomplexe entwickelt, welche das Sonnenlicht
aufnehmen und die Energie dann an die Reaktionszentren weiterleiten. Gerade in
der heutigen Zeit ist es besonders wichtig, diese hoch effektiven Prozesse zur Energie-
umwandlung im Detail zu verstehen. Die Nutzung des Sonnenlichts als saubere und un-
begrenzte Energiequelle ist von grofer Wichtigkeit fiir die weltweite Energieversorgung.
Daher beschéftigt sich die aktuelle Forschung mit der Entwicklung kiinstlicher, photosyn-
thetischer Prozesse, die eine effiziente photochemische Umwandlung der Sonnenenergie
ermoglichen.

Aufgrund ihrer Sessilitdt miissen Pflanzen iiber besondere Strategien verfiigen, die es
ihnen ermoglichen auf Verédnderungen in ihrer Umwelt zu reagieren. Schwankungen in
der Intensitit des einfallenden Sonnenlichts stellen dabei eine besondere Herausforderung
dar. Bei geringer Sonneneinstrahlung muss die zur Verfiigung stehende Sonnenenergie
vollstindig genutzt werden, jedoch kann eine erhdhte Einstrahlung schnell zur Schidi-
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gung des Photosyntheseapparates fithren. Daher miissen photosynthetische Organismen
iiber Mechanismen verfiigen, die auf unterschiedlich starke Lichteinstrahlung reagieren
und tiberschiissige Energie abfiihren konnen, ohne dass eine Schidigung auftritt. Caroti-
noide spielen eine besondere Rolle sowohl bei der Absorption des Sonnenlichts als auch
fiir den Schutz des Photosyntheseapparates. Sie sind, nach den Chlorophyllen, die auf
der Erde am héufigsten vorkommenden Pigmente. Es gibt eine Vielzahl an Caroti-
noiden mit unterschiedlichsten Strukturen und biologischen Funktionen. Sie fungieren
als akzessorische Pigmente im Photosyntheseapparat, da sie die so genannte "Griin-
liicke" im Absorptionsspektrum der Chlorophylle verringern und somit die Absorption
einer groferen Menge an Sonnenlicht ermoglichen. Neben ihren farbgebenden Eigen-
schaften haben Carotinoide auch strukturbildende Funktionen in Proteinen und Mem-
branen. Durch ihre Fahigkeit Triplett-Zustdnde der Chlorophylle abzufangen und so
der Bildung des gefdhrlichen Singulett-Sauerstoffs vorzubeugen, besitzen Carotinoide
auflerdem eine wichtige Schutzfunktion. Sie sind nicht nur in Pflanzen sondern auch
in Tieren und im menschlichen Organismus wirksame Antioxidantien, die verschiedenen
Krebserkrankungen und anderen Krankheiten wie Arteriosklerose und Makuladegene-
ration vorbeugen konnen. Um den Zusammenhang zwischen Struktur und Funktion zu
verstehen, sind Kenntnisse der Anordnung und der Dynamik der angeregten Zustinde
der Carotinoide entscheidend. Bis heute werden die Eigenschaften der elektronisch ange-
regten Zustéande diskutiert, da sie sehr kompliziert sind. Umstritten sind zum Beispiel
die Funktion der Radikalkationen von Carotinoiden wihrend des Schutzmechanismus
oder die Rolle dunkler elektronischer Zustidnde bei der Relaxation in den Grundzustand.

In den globalen, biochemischen Zyklen des Kohlenstoffs, Stickstoffs, Phosphors und
Siliziums spielen Kieselalgen (Diatomeen) eine Hauptrolle, weshalb sie von grofer 6ko-
logischer Bedeutung sind. Es handelt sich um einzellige, eukaryotische Algen eingebet-
tet in einer Hiille aus Siliziumdioxid. Man vermutet, dass iiber 100.000 verschiedene
Arten existieren, von denen bis heute etwa 6.000 Kklassifiziert sind. Obwohl ihre Licht-
sammelkomplexe den Komplexen hoherer Pflanzen (LHCII) dhneln, enthalten sie andere
Pigmente in einer ungewthnlichen Zusammensetzung. Wie in jedem photosynthetischen
Komplex ist Chlorophyll a enthalten, jedoch ist Chlorophyll b gegen Chlorophyll ¢s aus-
getauscht, welches keinen Phytolrest besitzt. Neben dem wichtigsten akzessorischen
Pigment Fucoxanthin findet man Diadinoxanthin und Diatoxanthin in substéchio-
metrischen Mengen. Unter starkem Lichteinfall wird Diadinoxanthin zu Diatoxanthin
deepoxidiert, ein Prozess vergleichbar mit dem Violaxanthin- bzw. Xanthophyll-Zyklus
hoherer Pflanzen. Normalerweise befinden sich in Lichtsammelkomplexen deutlich mehr
Chlorophylle als Carotinoide. Fucoxanthin ist dagegen in einem ungewdhnlich hohen
Carotinoid-zu-Chlorophyll Verhéltnis von etwa eins enthalten, wobei vier Fucoxanthin-
Molekiile in einem Monomer eingelagert sind. Es besitzt eine Carbonylgruppe, welche
mit dem 7-Elektronensystem der Kohlenstoffkette konjugiert ist. Die Rolle der Caroti-
noide beim Energietransfer und die Dynamiken in den Lichtsammelkomplexen wurden
anhand von zwei verschiedenen FCPs untersucht, die in der Arbeitsgruppe von Prof.
Claudia Biichel aus der Kieselalge Cyclotella meneghiniana isoliert wurden. Die beiden
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FCPs unterscheiden sich durch ihren Oligomerisierungszustand: FCPa ist ein Trimer,
FCPb ein héheres Oligomer.

Methoden

Moderne Laserspektroskopie ermoglicht die Untersuchung photophysikalischer und
photochemischer Prozesse auf verschiedenen Zeitskalen. Insbesondere die optische
Spektroskopie mit Zeitauflosungen im Femtosekundenbereich erlaubt die Aufkldrung
elektronischer Strukturen, die Beobachtung verschiedener Zerfallspfade und Konfor-
mationsdynamiken innerhalb biologischer Molekiile und grofserer Systeme wie zum
Beispiel Proteinen. So kénnen unter anderem der Elektronentransfer in den photo-
synthetischen Reaktionszentren oder Energietransfer-Reaktionen in Lichtsammelkom-
plexen untersucht werden. Hierzu wurden im Rahmen der vorliegenden Arbeit eine
Vielzahl an Experimenten durchgefithrt. Zudem wurde die bereits vorhandene Anlage
zur Messung transienter Absorptionsspektren um zwei Anlagen fiir zeitaufgeloste Flu-
oreszenzspektroskopie, die Fluoreszenz- Aufkonvertierung und den Kerr-Schalter, erwei-
tert. Die Messung transienter Absorptionsspektren im Femto- bis Nanosekundenbe-
reich beruht auf dem Anreg-Abtast-Prinzip, bei welchem der Abtastpuls mit Hilfe einer
Verzogerungsstrecke gegeniiber dem Anregpuls zeitlich verzégert wird. Die Zeitauflosung
wird mafgeblich durch die Dauer der verwendeten Pulse bestimmt, weshalb entsprechend
kurze Pulse von etwa 100 fs benétigt werden. Diese Methode ermdglicht die Aufnahme
spektral breitbandiger Absorptionsspektren, welche sich aus mehreren Beitrigen wie dem
Grundzustandsbleichen, der Absorption angeregter Zustinde, der stimulierten Emission
und unter Umsténden auch Produktbanden zusammensetzen. Oft iiberlagern diese ver-
schiedenen Beitrige, was die Analyse und Interpretation der Daten deutlich erschwert.
Daher kann es sehr hilfreich sein, transiente Absorptionsmessungen durch zeitaufgeloste
Fluoreszenzspektren zu erginzen, da diese die direkte Beobachtung einzelner, elektro-
nisch angeregter Zusténde ohne zusidtzliche iiberlagernde Beitrige erlauben. Dabei er-
moglicht die Fluoreszenz- Aufkonvertierung die Aufnahme einzelner Transienten im sicht-
baren und nahinfraroten Spektralbereich basierend auf der Summenfrequenzerzeugung
in einem nichtlinearen Kristall. Die von Ute Forster konzipierte Anlage kombiniert die
Fluoreszenzaufkonvertierung mit der Methode des zeitkorrelierten Einzelphotonenzih-
lens und deckt somit einen Zeitbereich von Femto- bis Millisekunden ab, in dem Fluo-
reszenzlebensdauern ohne gréfere apparative Verdnderungen bestimmt werden konnen.
Dagegen erméglicht der Kerr-Schalter das gleichzeitige Detektieren ganzer Fluoreszenz-
spektren im sichtbaren Spektralbereich, aus diesem Grund wurde ein entsprechendes
Experiment zusétzlich zur Fluoreszenz-Aufkonvertierung aufgebaut. Die Messmethode
basiert auf dem Kerr-Effekt, der in einem isotropen Medium durch einen kurzen so
genannten Schaltpuls induziert wird und ebenfalls Zeitauflssungen bis zu mehreren zehn
Femtosekunden erméglicht.
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Isolierte Carotinoide

Hauptgegenstand der vorliegenden Arbeit war die detaillierte Aufklarung der Energie-
transfer-Reaktionen in FCPs aus der Kieselalge Cyclotella meneghiniana. Nach Photo-
anregung erwartet man komplizierte Prozesse, da in den Proteinkomplexen verschiedene
Pigmente enthalten sind. Daher wurden zun#chst die Losungsmitteleinfliisse auf
die Dynamiken der isolierten Carotinoide mittels statischer und zeitaufgeloster spek-
troskopischer Methoden untersucht.

Die Absorptionsspektren von Carotinoiden weisen eine breite Absorptionsbande im
sichtbaren Spektralbereich zwischen 350 nm und 550 nm auf. Die Bande kann dem
Ubergang aus dem Grundzustand in den zweiten elektronisch angeregten Zustand (Sz)
zugeordnet werden, da der Ubergang in den ersten angeregten Zustand (S;) symmetrie-
verboten ist. Es handelt sich um eine Bande mit meist ausgeprégter vibronischer Struk-
tur, die abhingig von der Struktur des jeweiligen Carotinoids und dem Losungsmittel
ist. Im Falle von Diadinoxanthin und Diatoxanthin hatten Anderungen der Lésungs-
mittelpolaritit nahezu keinen Einfluss auf die Absorptionsspektren und ihre vibro-
nische Struktur. Im Gegensatz dazu wurde das Absorptionsspektrum von Fucoxan-
thin mit steigender Losungsmittelpolaritdt spektral breiter und die vibronische Struk-
tur ging verloren. Dies kann mit dem Auftreten mehrerer Isomere und einem zusétz-
lichen Ladungstransferzustand, welcher mit dem Grundzustand gekoppelt ist, erklért
werden. In polaren Lésungsmitteln ist der Ladungstransferzustand stirker ausgeprigt
als in unpolaren. Protische Losungsmittel kdnnen ihn noch zusétzlich stabilisieren, da
sie eine Wasserstoffbriickenbindung zum Carbonyl-Sauerstoff ausbilden kénnen.

Auch die zeitaufgelosten Absorptionsspektren von Diadinoxanthin und Diatoxanthin
blieben unverdndert trotz unterschiedlicher Polarititen der verwendeten Losungsmittel.
Fiir beide Carotinoide konnen zwei Banden unterschieden werden, von denen die nega-
tive dem Grundzustandsbleichen und die positive der Absorption des ersten angeregten
Zustands zugeordnet werden kann. Die S;-Zerfallsdynamiken von Diatoxanthin mit einer
Zeitkonstante von 13 ps waren etwas schneller als die des Diadinoxanthins (21 ps). Die
Dynamik des Fucoxanthins verdnderte sich erheblich in den unterschiedlichen Lsungs-
mitteln, was es von Carotinoiden ohne konjugierte Carbonylgruppe unterscheidet. Neben
einer starken Abhéngigkeit der Lebensdauer des S;-Zustands kann man eine zusétzliche,
positive transiente Absorptionsbande rotverschoben zur Si-Absorption und eine stimu-
lierte Emissionsbande im nahinfraroten Spektralbereich beobachten. Diese Effekte kon-
nen mit einem intramolekularen Ladungstransferzustand (ICT) erklért werden, welcher
in polaren und vor allem protischen Losungsmitteln stabilisiert wird. Fiir diesen
Ladungstransferzustand und den S;-Zustand wurden die gleichen Lebensdauern be-
stimmt, woraus man schlieken kann, dass beide Zustéinde miteinander gekoppelt sind.
Die Lebensdauern nehmen von etwa 60 ps in unpolaren Lésungsmitteln ab auf 20 ps im
protischen Methanol. Die zusétzliche transiente Absorptionsbande wie auch die stimu-
lierte Emissionsbande werden mit zunehmender Lisungsmittelpolaritit immer stirker
und koénnen daher dem Ladungstransferzustand zugeordnet werden.
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Fucoxanthin-Chlorophyll-Proteine

Die ultraschnellen Transferdynamiken der beiden Oligomere FCPa und FCPb wurden
mit Hilfe von statischer Absorptions- und Fluoreszenzspektroskopie und transienter Ab-
sorption im sichtbaren und nahinfraroten Spektralbereich eingehend untersucht. Hierbei
standen die Abhéngigkeit der Dynamiken von der Pigmentierung und des oligomeren
Zustands der FCPs sowie der Einfluss der Anregungswellenlinge im Vordergrund.
Aufgrund der rdumlichen Nihe zu den Chlorophyll-Molekiilen innerhalb der Licht-
sammelkomplexe ist Fucoxanthin, trotz der sehr kurzen Lebensdauern der angeregten
Zusténde, ein sehr effektiver Energiedonor. Mit Hilfe von Fluoreszenzmessungen wurde
die Effizienz dieses Energietransfers in den verschiedenen Proben untersucht.

Aufgrund der verschiedenen Pigmente innerhalb der Protein-Komplexe erhélt man
ein transientes Absorptionsspektrum, in welchem sich die Beitrige der Carotinoide und
Chlorophylle iiberlagern. Das erschwert die Analyse der Dynamik, weshalb eine genaue
Bandenzuordnung sehr wichtig ist. Am blauen Ende des sichtbaren Spektralbereichs fiir
Wellenlédngen <500 nm ist das Grundzustandsbleichen der Carotinoide sichtbar. Nach
einigen Pikosekunden klingt das Signal ab und wird von der Absorption des angeregten
Chlorophylls iiberlagert. Der spektrale Bereich zwischen 520 nm und 715 nm zeigt eine
breite, positive Absorptionsbande mit zwei Maxima, die dem ersten angeregten Zustand
(um 575 nm) und dem gekoppelten Ladungstransferzustand (um 650 nm) des Fucoxan-
thins zugeordnet werden kénnen. Beide Banden zerfallen innerhalb einiger Pikosekun-
den. Die ICT-Bande weist einen tiefen negativen Einschnitt um 675 nm auf, der aufgrund
der Uberlagerung mit dem Grundzustandsbleichen und der stimulierten Emission des
Chlorophylls entsteht. Zudem ist eine weitere Absorptionsbande des angeregten Chloro-
phylls um 640 nm sichtbar. Die Chlorophyllbanden zerfallen langsam mit Lebensdauern
grofer als die maximale Beobachtungszeit des Experiments (1.5 ns). Im nahinfraroten
Spektralbereich sind lediglich zwei Beitrage zu beobachten, die dem Fucoxanthin zu-
geordnet werden konnen: zum einen die sehr kurzlebige, breitbandige Absorption des
zweiten angeregten Zustands zwischen 850 nm und 1100 nm, zum anderen die stimu-
lierte Emission des Ladungstransferzustands (950 nm und 1100 nm) mit Zerfallszeiten
von wenigen Pikosekunden.

Weder die Transferdynamiken noch die Effizienz des Energietransfers wurden durch
unterschiedliche Gehalte der Pigmente Diadinoxanthin und Diatoxanthin beeinflusst.
Dies wurde anhand von Proben iiberpriift, die aus Zellen stammten, die entweder
bei starkem oder schwachem Lichteinfall angezogen wurden. Zusédtzliche Experimente
mit Proben ohne Diadinoxanthin und Diatoxanthin zeigten ebenfalls keine verdnderte
Dynamik, weshalb ein Beitrag der Xanthophyll-Zyklus-Pigmente zum Energietransfer
weitestgehend ausgeschlossen werden kann. Der Vergleich der beiden Komplexe FCPa
und FCPb, die sich durch den Oligomerisierungszustand unterscheiden, zeigte einen effi-
zienteren Energietransfer im trimeren FCPa, was wiederum auf ein erhéhtes Quenchen
im hoéher oligomeren FCPb schliefen lasst. Der Energietransfer zwischen den beiden
Chlorophyllen Chl ¢ und Chl ¢ wurde durch Anregung von Chl ¢s bei 630 nm unter-
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sucht. Die Ergebnisse bestdtigen einen extrem schnellen Energietransfer zwischen Chl ¢y
und Chl a, der in weniger als 150 fs abgeschlossen ist.

Die untersuchten Dynamiken dndern sich deutlich nach der Anregung der Caroti-
noide mit zwei verschiedenen Wellenldngen (500 nm und 550 nm). Beide Wellenlédngen
fithren zu der Besetzung des zweiten elektronisch angeregten Zustands (S2) individueller
Fucoxanthin-Molekiile. So konnte die Existenz zweier Fucoxanthinspezies bestétigt wer-
den, namlich die in der Literatur bekannten blau- und rot-absorbierenden Fucoxan-
thine. Die unterschiedlichen Absorptionsmaxima resultieren héchstwahrscheinlich aus
den verschiedenen Umgebungen der einzelnen Fucoxanthin-Molekiile innerhalb des Pro-
teins. In einer globalen Fitanalyse wurden die Zerfallszeiten bestimmt, die hier exem-
plarisch fiir FCPa angegeben werden. Dabei konnten die Daten, die nach 550 nm
Anregung aufgenommen wurden, mit vier Zeitkonstanten zufriedenstellend angepasst
werden. 71< 150 fs liegt unterhalb der Zeitauflésung des Experiments, kann jedoch
der Lebensdauer des zweiten angeregten Zustands der Carotinoide zugeordnet werden.
79 = 0.9 ps und 73 = 4.2 ps entsprechen der Schwingungsrelaxation und dem Zerfall des
ersten angeregten Zustands des Fucoxanthins. 7o beriicksichtigt die Chlorophyllsignale,
welche iiber die maximale Beobachtungszeit hinaus bestehen bleiben. Neben dhnlichen
Zerfallskonstanten (71< 150 fs, 79 =0.6 ps, 73 =2.6 ps, Too = unendlich) war fiir die An-
regung bei 500 nm eine weitere Zerfallskonstante 74 = 25 ps fiir die Anpassung der Daten
notig. Diese zusitzliche Zeitkonstante kann der intrinsischen Lebensdauer eines blau-
absorbierenden Fucoxanthins oder einem langsameren Energietransferpfad zugeordnet
werden. Zur genaueren Charakterisierung wurde FCPa zusétzlich in polarisationsab-
héngigen transienten Absorptionsexperimenten untersucht. Fiir den ersten angeregten
Zustand und den zugehérigen Ladungstransferzustand wurden unterschiedliche Uber-
gangsdipolmomente gefunden. Des Weiteren ergaben sich unterschiedliche Ubergangs-
dipolmomente fiir die beiden Anregungswellenléngen.

Basierend auf den in der Arbeit vorgestellten Ergebnissen konnte ein detailliertes
Modell zur Erklarung der Energietransfer-Reaktionen in FCPs aufgestellt werden und die
Anordnung der Pigmente vor allem in FCPa genauer charakterisiert werden. Dabei kann
angenommen werden, dass ein rot-absorbierendes Fucoxanthin die absorbierte Ener-
gie effizient und direkt an ein Chl a-Molekiil weitergibt. Zwei der drei verbleibenden
Fucoxanthine mit einem Absorptionsmaximum um 500 nm scheinen ebenso ihre Anre-
gungsenergie direkt an Chl a zu transferieren. In Ubereinstimmung mit der schnelleren
Transferrate nach Anregung bei 550 nm, die auch in den Anisotropiedaten gefunden
wurde, ist nach Anregung bei 500 nm ein zusétzlicher, langsamerer Transferpfad (25 ps)
aktiv. Dieser kann demnach einem blau-absorbierenden Fucoxanthin zugeordnet werden,
welches weniger stark mit den Chl a-Molekiilen assoziiert ist als die anderen Fucoxan-
thine. Dabei findet vor der Weiterleitung zu Chl ¢ wahrscheinlich ein Energietransfer
zwischen den ersten angeregten Zustinden zweier unterschiedlicher Fucoxanthine statt.
Der schnelle Transfer von Chl ¢y zu Chl a impliziert, dass eines der Chl a-Molekiile in
unmittelbarer Ndhe zum Chl ¢y lokalisiert ist.
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Chapter 9. Zusammenfassung

Kohirente Effekte

Zusitzliche zeitaufgeloste Absorptionsexperimente mit verbesserter Zeitaufldsung wur-
den durchgefiihrt um die oszillatorischen Effekte, die in den meisten Daten zu sehen
waren, ndher zu untersuchen. Diese kohdrenten Effekte iiberlagern die Dynamiken
sowohl der isolierten Carotinoide als auch der FCPs innerhalb der ersten 500 fs. Die
Oszillationen zeigten ein ungewohnliches Dampfungsverhalten, da sie schon nach zwei
Ostzillationsperioden verschwinden. Aufserdem weisen sie eine Abhingigkeit von der
Anregungswellenldnge und im Falle von Fucoxanthin auch vom Lésungsmittel auf. In
Abhéngigkeit der Polaritdt des Losungsmittels ergaben sich fiir Fucoxanthin Frequen-
zen zwischen 70-100 cm™'. Fiir die FCPs variierte die Frequenz zwischen 50-80 cm ™!
in Abhéngigkeit von der Anregungswellenldnge. Diese Ergebnisse bestétigten die An-
nahme, dass sich das rot-absorbierende Fucoxanthin in einer polareren Umgebung als
das blau-absorbierende Fucoxanthin befindet. Um den Ursprung der Oszillation noch
genauer aufzukldren sind weitere Experimente mit einem kontrollierten Chirp der ver-
wendeten Pulse und Vergleiche zwischen verschiedenen Carotinoiden in unterschiedlichen
Lésungsmitteln notwendig. Weiterfiihrende Ergebnisse sollten helfen, die Dynamiken
und vor allem die Beteiligung so genannter "dunkler Zustinde" noch besser zu verste-
hen. Zum jetzigen Zeitpunkt sind die in der Literatur diskutierte kohirente Anregung
der stark gekoppelten, angeregten Zustéinde 1B (S2) und 1B,,, welche zu elektronischen
Quantumbeats fiihrt, oder auch eine zusitzliche, extrem kurzlebige Absorption aus dem
So-Zustand in einen Spyo-Zustand im sichtbaren Spektralbereich plausible Erklarungen
fiir das Auftreten der kohirenten Effekte in transienten Absorptionsspektren von Caroti-
noiden.
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