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Abstract

Sunlight is a plentiful, continuously flowing source of energy, fuelling life on Earth
as we know it. To use this potential, plants, cyanobacteria and photosynthetic
bacteria evolved to absorb solar radiance and convert it into a chemically stable form
by performing a process known as photosynthesis. Despite a wide variety of
photosynthetic systems, the initial steps of photosynthesis are similar. They involve
the absorption of photons by light-harvesting antennas, transferring this energy to
photosynthetic reaction centres and primary charge separation.

Over the recent decades, scientists put much effort into understanding the driving
forces behind the photosynthetic processes. Exploring bacterial photosynthesis
became a field of its own due to their high robustness towards living conditions and
efficient energy transfer and trapping within photosynthetic units. However, sizes
in the nanometre scale, high pigment densities and congested absorption spectra,
energy and electron transfer rates from hundreds of femtoseconds to tens of
picoseconds made the primary steps of bacterial photosynthesis challenging to
follow and explore.

This thesis presents studies of photo-driven processes inside various photosynthetic
systems using two-dimensional electronic spectroscopy, an advanced technique
combining high temporal and spectral resolutions and well suited for studying
excitation-induced processes within photo-active systems. The first chapter of this
thesis introduces the main photosynthetic systems under investigation: chlorophyll-
type molecules, bacterial reaction centres and photosynthetic units of the purple
bacterium Rhodobacter sphaeroides and the green bacterium Chloroflexus
aurantiacus. The second chapter delivers a detailed introduction to the main
experimental technique — two-dimensional electronic spectroscopy — and provides
background on following and understanding recorded signals.

The results chapter of this thesis summarises observations of vibronic coupling
inside chlorophyll ¢1 molecule. In addition, it presents energy and electron transfer
dynamics within the bacterial reaction centres from the purple bacterium
Rhodobacter sphaeroides and the green bacterium Chloroflexus aurantiacus and
describes means to identify precursor states for charge transfer in (most probably
every) reaction centre. Final results present mapping excitation energy transfer and
trapping processes inside intact living cells of the green bacterium Chloroflexus
aurantiacus. The thesis finishes with concluding remarks and some future
directions.
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Popular Scientific Summary

Through billions of years of evolution, nature has found a solution for efficiently
harvesting sunlight — photosynthesis. The process that not only generates the oxygen
that many living organisms breathe but also produces food, energy beyond
photosynthesis and many materials we depend upon today. It takes an overall of ten
minutes from the moment a photon is released from the Sun to be captured and its
energy stored in a stable form that can persist for many years.

Photosynthesis has four phases: (1) light harvesting and energy delivery in antenna
complexes, (2) charge separation and electron transfer by reaction centres, (3)
energy stabilisation in the form of chemical compounds, and (4) utilisation of
stabilised energy in biochemical processes. The first two steps are rapid and happen
in less than a nanosecond. Their main goal is to efficiently create the spatially
separated positive and negative charges and avoid recombination and losing this
energy to heat and dissipation. An excellent example of efficient and, at the same
time, extremely resistant photosynthesis can be found in photosynthetic bacteria.

To effectively collect and utilise solar energy, photosynthetic bacteria are equipped
with photosynthetic units consisting of various antenna complexes and bacterial
reaction centres. The light-harvesting systems have an enormous structural
diversity, depending on the bacteria under study. For example, a photosynthetic unit
may contain light-harvesting complexes in the shape of neat circles placed side by
side next to one another. Other bacteria can grow themselves a bulky chlorosome,
collecting tens of thousands of bacteriochlorophylls, clumped together and arranged
in complex structures with many layers. For an efficient and unidirectional energy
transfer, a photosynthetic unit may also be equipped with some mediator complexes
such as baseplate, Fenna—Matthews-Olson and others. However, in every case,
energy needs to end up in the bacterial reaction centre for charge separation.

The major challenge when investigating photosynthetic systems is the need for a
sophisticated experimental technique to follow extremely rapid primary steps
triggered by the absorption of a photon. One such method is two-dimensional
electronic spectroscopy. It is a state-of-the-art technique that uses ultrashort laser
pulses to measure photo-driven processes with a femtosecond time resolution.
During the experiment, two laser pulses excite the system, and the system’s status
is ‘read’ with the third laser pulse. The method allows the observer to follow
excitation dynamics from the very first moments after photon absorption until the
relaxation of molecules to the initial state by changing the time delays between the
excitation and detection pulses. It also provides knowledge about energy states and
couplings, excitation energy transfer and charge separation processes, coherent
energy motion and even, to some extent, the structure of the system under
investigation. Since the first experiments, two-dimensional electronic spectroscopy
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was broadly used to study photosynthetic molecules, aggregates and recently —even
intact photosynthetic bacteria.

The work of this thesis covers the studies of two primary steps of photosynthesis in
photosynthetic bacteria — excitation energy transfer and charge separation — using
two-dimensional electronic spectroscopy. It starts by exploring the interactions
within the smallest unit of the photosynthetic system — the chlorophyll ¢c1 molecule.
The beating signals revealed with polarisation-controlled experiments provided
evidence of a complex interplay between two excited states of the system, a
phenomenon known as vibronic coupling. After that, the focus of the thesis shifts
towards the bacterial reaction centres from two different bacteria: purple bacterium
Rhodobacter sphaeroides and green bacterium Chloroflexus aurantiacus. The
photo-induced dynamics in both complexes were tracked up to one nanosecond after
excitation, and characteristic energy transfer and charge separation rates were
obtained. The most remarkable and joyful discovery from these experiments was
observing initial charge transfer states in both reaction centres, a feature extensively
debated within the scientific community. Lastly, the most exceptional work of this
thesis is a study of excitation energy transfer and trapping within the intact living
cells of the green bacterium Chloroflexus aurantiacus.
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Introduction

Planet Earth would be a cold and desolate place if not for the process that provides
oxygen and energy for the most of living organisms — photosynthesis.
Photosynthesis is a process through which light energy is converted into chemical
energy by plants, algae, and photosynthetic bacteria.! It can be divided into two
branches: oxygenic photosynthesis, which happens in the presence of air,? and its
opposite — anoxygenic photosynthesis.® Oxygenic photosynthesis, involving the
reduction of carbon dioxide and oxidation of water to produce oxygen, is performed
by higher plants, algae and cyanobacteria. Photosynthetic bacteria, such as purple
or green bacteria, on the other hand, are well-known performers of anoxygenic
photosynthesis, oxidising molecules other than water. Yet, regardless of the
oxidisable compounds, the primary steps in both branches are similar. They cover
the absorption of solar radiance by the light-harvesting antennas and excitation
energy transfer through various complexes to photosynthetic reaction centres,
followed by charge separation and electron transfer events for further energy
trapping into a stable form of chemical bonds.**®

Bacterial photosynthesis alone is a fascinating yet challenging field of studies. There
are four known phylogenetic groups of anoxygenic phototrophs: the purple bacteria,
the green sulphur bacteria, the green non-sulphur bacteria and the heliobacteria.’
These photosynthetic organisms are highly robust towards living conditions. For
example, purple bacteria can inhabit extreme environments, including temperatures
between 0 — 57 °C, pH values from 3 to 11 and salinities up to (~32 %), coping
inside saturated NaCl solutions.® And these are not even the absolute survival limits
of anoxygenic bacteria, as the green non-sulphur bacterium Chloroflexus
aurantiacus, which contains a purple bacterial-type photosynthetic reaction centre,’
can thrive at temperatures up to 70 °C.° Also, the first steps of photosynthesis in
bacteria are known to be rather efficient. For example, the quantum yield of charge
separation in photosynthetic purple and green bacteria was measured to be close to
unity.2% This property alone drove a great number of spectroscopic studies, all
trying to define the key factors for this high quantum efficiency.*213

For effective light capture and charge separation, photosynthetic bacteria are
equipped with tens of photosynthetic units (PSUs) consisting of various antenna
aggregates and bacterial reaction centres (bRCs).2*'” Depending on the bacteria
under the study, its PSU may contain light-harvesting complexes composed of tens
of bacteriochlorophylls neatly arranged in a circular manner (e.g. purple bacteria

17



Rhodobacter sphaeroides, Rhodoblastus acidophilus).’® In other bacteria, antennas
can take the shape of flat elongated sacs, with round ends (chlorosomes), filled with
thousands of bacteriochlorophylls, all sticking and arranging in complicated rod-
Nlamellar-like structures (Chloroflexus aurantiacus, Chlorobaculum tepidum).t®
After initial absorption, the captured energy flows through intermediate aggregates,
like baseplate, Fenna—Matthews—Olson complex, B808-866 complex and others.'4
16 This great diversity of light-harvesting pigment-protein systems in PSUs from
various photosynthetic bacteria exists due to their wide habitat distribution, where a
single light-harvesting apparatus seems unlikely to operate robustly and efficiently.

After travelling through the light-harvesting complexes, the excitation energy is
delivered to bRCs for charge separation. The bRCs are pigment-protein complexes
bound to the membranes, converting absorbed/received energy into a stable
transmembrane electrochemical potential through a sequence of electron-transfer
steps. Photosynthetic reaction centres are separated into two groups, depending on
the main electron acceptors. Type |, with iron sulphur clusters as electron acceptors,
and type Il, with a pair of quinones as acceptors.! Despite minor differences, a
remarkable property of the reaction centres is their near-unity quantum yield for
electron transfer, which results in approximately 40% of the energy of the input
photons being stored in the transmembrane charge separation.10:11.20

Initial light capture and energy transfer raise significant challenges on their own, as
the absorbed energy must be delivered to the reaction centres for charge separation
faster than the main photosynthetic pigments (chlorophylls and
bacteriochlorophylls) lose it through fluorescence (3-6 ns).?! For this reason, most
of the pigments in PSU are bound to the proteins or face some pigment-pigment
interactions, changing their electronic behaviour and controlling the overall photo-
activity of the system. This is a crucial property in order to perform an efficient
energy transfer and trapping since excitations flow through the PSU on timescales
of tens/hundreds of picoseconds, surpassing energy dissipation and charge
recombination processes.'®??

This thesis focuses mainly on exploring the first two primary steps of bacterial
photosynthesis — excitation energy transfer and primary charge separation. Since
these processes are extremely fast, an ultrafast time-resolved technique — two-
dimensional electronic spectroscopy (2DES) — was used to study them. The method
provides information on the system’s evolution with high time (10-20 fs) and
spectral resolutions and is highly suitable for studying photo-induced processes in
photo-active systems.

18



Outline of this thesis

The thesis begins with an introductory chapter to the main photosynthetic systems
examined in this work: chlorophyll-type molecules, PSUs of purple bacteria
Rhodobacter sphaeroides and green bacteria Chloroflexus aurantiacus and their
reaction centres. The second rather broad chapter overviews the main experimental
technique used for studying these systems — two-dimensional electronic
spectroscopy (2DES). The relative subchapters cover a small part of the third-order
response function formalism, ways to follow various recorded signals and other
experimental insights.

The results of this thesis are based on five research papers. Paper | examines the
complex interaction — a vibronic coupling — between two excited states in
chlorophyll ¢1 molecule. Papers 11, 111 and 1V focus on the processes happening in
the bRCs from purple bacteria Rhodobacter sphaeroides (0RCspn) and green bacteria
Chloroflexus aurantiacus (bRCcr). Lastly, paper V explores excitation energy
transfer and trapping inside the PSU of the living intact cells of the green bacterium
Chloroflexus aurantiacus.

The thesis concludes with finishing remarks about the findings and their impact on
bacterial photosynthesis. Final comments suggest some perspectives (and hopes) for
future studies.
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Bacterial photosynthesis

The first chapter of this thesis presents the main investigated photosynthetic
systems. It begins with an introduction of the key pigment group — chlorophyll-type
molecules — responsible for light absorption, excitation energy transfer and charge
separation during the solar energy utilisation process.? Then the focus shifts
towards this work's two main photosynthetic bacteria: the purple bacterium
Rhodobacter sphaeroides and the green bacterium Chloroflexus aurantiacus. After
an overview of their photosynthetic units (PSUs), the chapter introduces their
principal pigment-protein complexes — the bacterial reaction centres (bRCsn and
bRCc). It should be clarified that in this work, the 2DES measurements were
performed for both bRCsn and bRCety, but only one intact PSU of Chloroflexus
aurantiacus bacteria was examined. Yet the structures and photo-induced dynamics
in PSUs from both photosynthetic bacteria are presented for consistency.

A pigment as a photosynthetic building unit

Photosynthetic pigments, such as chlorophylls (Chls), bacteriochlorophylls (BChls),
and carotenoids, are the key molecules for energy capture and transfer in
photosynthetic organisms.? Naturally, much effort has been devoted to
understanding their driving mechanisms. Electronic excitations and dynamics in
Chl-type molecules with macro rings are usually described by the model developed
by M. Gouterman in 1960.2% Originally applied for porphyrins, the well-known
model describes the two main electronic transitions as separate excitations, denoted
as Qy and Qx (Qx being the higher energy state), with two transition dipole moments
almost at a right angle to each other.?® The transitions got their names for almost
precisely matching the x- and y- molecular axes of the porphyrin ring (see Fig.
1),202 but in reality, minor angle deviations are present for each photosynthetic
pigment.?*

A recent comprehensive study of various Chl-type molecules has shown that Qy and
Q« transitions are not entirely separate.? A vibronic coupling between the two states
must be considered to describe the photo-physical properties and excitation
dynamics correctly. The vibronic coupling term, as used in this thesis, is an
interaction between the higher purely electronic transition (Qx) and the vibronic
transitions of the lower electronic energy state (Qy + vibrational quanta), as
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illustrated with the energy scheme on the right side of Fig. 1. This type of interaction
mixes the characters of two states — depending on their proximity to each other and
the coupling strength — and alters transition energies as well as orientations and
strengths of transition dipole moments.?>? In addition, vibronic coupling in
molecular dimers and bigger aggregates is thought to contribute to efficient and
swift excitation energy transfer.26-%’

Energy

Figure 1. Structure of Chl c1 and vibronic coupling energy scheme

The structure of Chl c1, as in ref. 2. The molecular x- and y-axes were drawn according to ref. 2°. Two
electronic Q, and Q, transitions are marked with coloured arrows. On the right is the schematic
representation of two electronic states as harmonic potentials, with the lowest level of electronic origin
and the higher states of vibronic (excited state vibrational) origin. The Q,'s electronic transition and Qy's
vibronic levels that could couple vibronically are marked by a dashed oval.

Although there is little doubt about the presence of vibronic coupling in Chl-type
molecules, it is challenging to observe it experimentally. The technical difficulties
rising are: (i) the significant energy difference between two electronic Qy and Qx
transitions, making it difficult to excite their superposition with the same laser pulse;
(ii) weak Q transition resulting in negligible signals; and (iii) minor signals being
washed away by the dominant signals from the electronic/ vibrational transitions.

The first attempt to probe vibronic coupling in Chl-type molecule with 2DES was
made for Chl c1, as presented in Paper I. Chl c1 is a porphyrin with an acrylic acid
side chain, rather than a chlorin (see structure in Fig. 1), as most of the other
chlorophylls are.?® Close energetically and comparable in intensities, two electronic
Qy and Q transitions provided the means to observe signatures of weak vibronic
coupling using polarisation-controlled 2DES.
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Bacteria under the scope of this work

The two main photosynthetic bacteria of this work are the purple bacterium
Rhodobacter sphaeroides strain R-26 and the green bacterium Chloroflexus
aurantiacus strain J-10-fl. Even though the two bacteria are only distantly related
and contain somewhat different PSUs, they both possess type Il reaction centres
with potentially identical structures and achieve close to unity quantum yields for
charge separation.1%1!

The purple bacterium Rhodobacter sphaeroides

The purple non-sulphur photosynthetic bacteria Rhodobacter sphaeroides (Fig. 2,
left) are capable of growing in aerobic and anaerobic conditions, various
temperatures, salinities up to 32 % and pH ranges between 3 to 11.2 In addition, this
bacteria also produce multiple bio-active substances, such as vitamin B12,
coenzyme Q10 (ubiquinone), porphyrins and amino acids, which are helpful growth
material for various plants, aquatic organisms and microorganisms.?® These
qualities and the relatively simple structure of its photosynthetic apparatus'’ have
made the purple bacteria Rhodobacter sphaeroides one of the most thoroughly
investigated species with remarkable versatility and metabolic significance.

Rhodobacter sphaeroides Chloroflexus aurantiacus

Figure 2. Purple and green photosynthetic bacteria

An illustrative figure of sizes and shapes of the purple bacterium Rhodobacter sphaeroides (left) and
the green bacterium Chloroflexus aurantiacus (right). The size of monomeric units from both bacteria
are several micrometres long,%% yet the green bacteria tend to form long filaments with indefinite
lengths.3!

The PSU in purple bacteria Rhodobacter sphaeroides is likely the simplest
photosynthetic apparatus found in nature.r” It consists of only three types of
pigment-protein complexes, all housed within the vesicles of the intracytoplasmic
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membrane, called chromatophores: two types of light-harvesting (LH) complexes,
LH2 and LH1, and bacterial reaction centres (bRC).334The LH2 antenna is the
dominant component in the PSU of purple bacteria that can form LH2-only domains
for efficient energy capturing and transfer.® It consists of two overlapping rings, a
weakly coupled B800 ring of 9 monomeric BChl a molecules and a strongly
excitonically coupled B850 ring of 18 BChl a pigments.®® The rings are embedded
into a protein and carotenoid environment, where pigment-protein interactions
control the properties and energy transfer between the B800-B850 rings.

The LH1-bRC is a joint system and exists in two shapes: S-shaped dimeric LH1
incorporating two bRCs inside each half-a-circle®* and a monomeric C-shaped
arrangement, identical to one-half of the dimeric one, with one bRC in the middle.%
The S-shaped LH1 binds 56 BChls in dimeric subunits, while the C-shaped contains
28 BChls. With absorption around 875 nm, LH1 acts as an intermediate component
in the LH2—LH1—bRC energy transfer scheme.?*%’

In the membranes, the LH2 complexes surround the LH1-bRC systems. The overall
LH2:LH1 (LH2:bRC) ratio within a single PSU varies depending on the light
growing conditions, with an increasing ratio as illuminance decreases. Yet it was
suggested that the ratio of 3:1 leads to the fastest and most efficient LH2—bRC
EET.343

After photon absorption at LH2, energy is transferred between B800 molecules for
a few hundred femtoseconds before being passed to the B850 ring.!* The EET
between the two rings (B800—B850) is temperature dependent, taking 0.7 ps at
300 Kand 1.2 ps at 77 K.* It is followed by EET from B850 to LH1 at 4.6 ps.*’ The
last EET from LH1 to bRC happens in around 35 ps, finalising the excitation
transfer process through the entire PSU. The LH2—LH1 energy transfer can be
direct (4.6 ps), or the energy might migrate in the pool of LH2 complexes for about
26 ps before the transfer to LH1.“° This relatively slow diffusion process sets the
overall energy transfer time in the PSU from the purple bacteria Rhodobacter
sphaeroides.

The excitation energy trapping inside the open bRCgy takes ~70 ps, while for the
closed systems, the trapping time becomes longer and is around 200 ps.®” The
open/closed reaction centre terms define the state of the bRC system and whether it
is ready to accept excitons from the antenna complexes. It is worth mentioning that
trapping times here (and in other bRC) are not the direct EET from LH1 to the
primary electron donor — a special pair. It is a time required for the reaction centre
to secure the energy in a stable charge-separated state. The structures, EET and
charge separation processes inside the bRCsph (and bRCcrx) will be discussed in one
of the upcoming sections.
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The green bacterium Chloroflexus aurantiacus

The Chloroflexus aurantiacus strain J-10-fl is a textbox example of filamentous,
gliding, thermophilic, green photosynthetic bacteria, thriving in hots springs
(optimal pH 8 and temperatures between 50-60°C) and capable of living either
aerobically, anaerobically or semi-anaerobically.34142 In nature, the green bacteria
tend to form long filaments of indefinite lengths, creating a scattering nightmare
to measure the optical properties of the species.

The PSU of Chloroflexus aurantiacus is slightly more complicated and consists of
a chlorosome, a baseplate and a core antenna complex (B808-866-bRC). The
chlorosome is a supramolecular organisation of thousands of primarily BChls c
molecules, held together by long-distance pigment-pigment interactions*#4 and
forming rod-/lamellar-like aggregations inside an ellipsoidal lipid envelope.24-26
The size of the chlorosome depends on the growth conditions and is on the order of
140-220 nm in length, 30-60 nm in width and 10-20 nm in thickness.® It operates
as a light-harvesting organelle, absorbing photons and transferring excitation energy
to the core complex via the baseplate.

The baseplate is a pigment-protein complex consisting of BChls a, carotenoids and
multiple CsmA protein subunits. The complex is almost flat, with dimensions
somewhat fixed in width (30-40 nm)* and thickness (3 nm)*® but varying in length
(60-200 nm) within the single cell.*® It is positioned on one side of the chlorosome,
linking it to the cytoplasmic membrane, where the core complex is located.*®

The energy transfer ends in the membrane-bound core antenna complex: B808-866-
bRC. The B808-866 complex is a ring-shaped antenna, biding three BChls a per
molecular subunit and, similar to LH2, arranged in two spectrally distinct groups,
monomeric B808 and excitonically coupled B866.4"® The circle’s diameter is
around 10 nm, and, similar to the LH1-bRC system in purple bacteria, the bRC is
located in the centre of it.* 48

The downhill EET from the chlorosome to the core complex via the baseplate
proceeds in tens of picoseconds (~50 ps).? It is followed by a relatively fast energy
transfer step of 2 ps between two bands of the B808-866 complex.*® The excitation
energy trapping in the photochemically active bRC takes tens of picoseconds
(43 ps® or 70-90 ps??) but can take up to 200 ps for closed systems.?? In addition,
the energy transfer efficiency between the chlorosome and core complex in
Chloroflexus aurantiacus was reported to be temperature dependent. It was
estimated to be near 100% close to its growth temperatures (> 40°C), but as low as
15% at 4 K.5! To determine the precise times of EET and energy capture in intact
PSU, we performed 2DES on the intact cells of the green bacterium Chloroflexus
aurantiacus at room temperature (Paper V). Excitations to various parts of the PSU
allowed us to draw the step-by-step EET scheme and determine the exact trapping
time inside the open bRCs.
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Bacterial reaction centres

Bacterial reaction centres are essential pigment-protein complexes performing
charge separation and assisting in excitation energy trapping. With the
comprehensive spectroscopic research data and the structure known from X-ray
crystallography,® the bRCspn from the purple bacteria is a foothold to examine other
reaction centres. For example, when studying bRCcsx, which structure is unknown,
the two reaction centres are often compared.>*>" Most of the conclusions drawn
about bRC. in this thesis also come from the consideration that the systems and
optical properties of the two bRCs are very similar. In this subchapter, the two
reaction centres are also presented in parallel.

Structure

The structure of bRCspn is presented on the left side of Fig. 3. Embedded between
three separate polypeptide chains, designated according to their molecular weights
as L (light), M (medium) and H (heavy), the complex itself consists of eight active
constituents: four BChls a, two bacteriopheophytins a (BPheo) and two quinones.>2
The eight co-factors are arranged into two nearly symmetric branches, marked with
indexes ‘A’ and ‘B’. Two BChl pigments form a strongly excitonically coupled
dimer — a ‘special pair’ (P). The special pair — the primary electron donor — is
flanked by two accessory BChls (B4 and Bg), two BPheos (H, and Hg) and two
electron acceptors — quinones (Q4 and Qp).

The exact structure of bRC has yet to be established, but it is the simplest type Il
reaction centre known so far.®® The structure, as presented on the right side of Fig.
3, was adapted from the structure of bRCsyn according to the following changes. The
bRC.« is known to contain only two protein subunits, very similar to the L and M
subunits of bRCspn.>*®® From the comparison of bRCsn and bRCcr absorption
spectra® and the early pigment extraction and composition studies,>® the ratio
between BChls and BPheos in bRC.x was predicted to be 1:1, leading to the system
of three BChls and three BPheos. It was suggested, that the third BPheo replaces the
accessory BChl in the ‘B’ branch (¢p5 — Bg).%! The claim was confirmed from low
temperature 2DES data of quinone-reduced bRCc in Paper IV. Lastly, the electron
acceptors in bRC. are two menaquinones instead of quinones.5?

After introducing the bRC structure, it is worth exploring the definitions of the
open/closed reaction centres in more detail. The open reaction centre is in its neutral
state, while in the closed system, either the special pair of the bRC is oxidised (P*)
and/or a quinone in an active branch is reduced (Q).%%%
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Rhodobacter sphaeroides Chloroflexus aurantiacus

Figure 3. Structures of bacterial reaction centres

The bacterial reaction centre from purple bacteria bRCs (left) is a pigment-protein complex embedded
between three protein chains: L, M and H, and consisting of eight photo-active co-factors: four BChls
(B4, Bg and a strongly excitonically coupled BChl dimer — P), two BPheos (H, and Hy) and two
quinones (Q4 and Qg). The co-factors are grouped into two branches, ‘A’ and ‘B’. The structure of
bRC. from green bacteria (right) lacks one protein chain (H), and BChl in the B branch is substituted
by BPheo (¢ — Bg). In addition, the main electron acceptors in bRC, are two menaquinones.®? The
structure of bRCsyn was drawn from X-ray crystallography data,® and the structure of bRCc was
adjusted from the same data according to the mentioned changes. These and other structures in this
thesis were drawn with VMD software. VMD is developed with NIH support by the Theoretical and
Computational Biophysics group at the Beckman Institute, the University of lllinois at Urbana-
Champaign.5®

Excitation energy and electron transfer processes

The bacterial reaction centre is a unique system undergoing excitation energy
transfer (EET) and electron transfer (ET) processes. After a photon absorption and
a ‘downhill” EET along both branches to the primary electron donor (the special
pair, P), an electron is transferred from the donor to the primary electron acceptor
(Q4) through just one, an ‘active’ branch, as indicated with index ‘A’ in Fig. 3.5

The internal charge separation inside bRCs leads to the creation of cation (P*) and
anion (H, or Q) molecules which generate an internal electric field. The energy of
molecules that fall into the field — the accessory BChls (B4 and Bjg) for bRCspn or
accessory BChl and BPheo (B4 and ¢ ) for bRCci« — shifts. The effect is known as
an electrochromic shift or Stark effect.®¢’

In time-resolved spectroscopy, the electrochromic shift appears as a time-dependent
derivative-shaped signal, consisting of a positive peak transforming rapidly to a
negative one.®*%7 It is common to refer to this signal as a dynamic band-shift signal.
The appearance of the dynamic band-shift signal in bRCs allows direct observations
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of the internal charge separation process in the intact systems through the
spectroscopic changes of the individual co-factors.®%

In the purple bRCsn, EET through the co-factors to the special pair happens in
~100 fs.%"* The electron transfer to H, takes a time of 2.8 ps at 300 K’ and 1.5 ps
at 77 K. To reach the primary electron acceptor, P*H; — P*Qj, then takes
around 200 ps.”>"®

The involvement of accessory BChl (B,) in the ET process was a matter of debate
for quite some time, as the transient spectroscopy measurements failed to observe
the formation of the P* B state. It was suggested that the creation of the P* B state
was ~3 times slower than depopulation (~3 ps versus ~1 ps),’”® which made the
state’s spectroscopic signatures undetectable with the time-resolved experiments.

The EET and ET steps in bRC. are overall slower than those of bRCspn. The EET
happens with a similar characteristic time of hundreds of femtoseconds (Paper 1V).
The initial charge separation step P* — P*H, proceeds with 7.1 ps at physiological
temperatures, while at 80 K, the Kinetics become non-exponential, with two
characteristic times of 3.1 ps and ~32 ps.”” From the P H state, reaching primary
electron acceptor, P*Q;, takes around 365 ps.”

Despite more than 50 years of research and books summarising and reviewing the
scientific research on photosynthetic bacteria and their complexes, several open
questions remain. One technical question, discussed extensively in Paper Il, was
observing and describing dynamic band-shift signal in 2DES. The dispersive shape
of the signal in transient absorption experiments can be understood rather intuitively
as a subtraction of the initial absorption pattern from the absorption spectrum with
the Stark-shifted transitions. However, in 2DES, all this intuition is lost, as the
excited system emits the recorded signal, and no subtraction of the signals is done.
To describe the electrochromic band shifts in 2DES, we introduced a new class of
double-sided Feynman diagrams, called re-excitation (Paper II).

Another unresolved discussion concerns low-lying charge-transfer states in
bacterial reaction centres. The double structure of the main absorption band of the
special pair at cryogenic temperatures was observed and discussed on a few
occasions for various bRCs.” 8 It was postulated that it could be a charge transfer
(CT) state below the lowest-energy excitonic state of the special pair dimer.”
However, a different opinion settled that the double feature originated from the
structural inhomogeneities within the samples.?* Nevertheless, variations in the
sample composition cannot explain the duality of the absorption band observed in
several reaction centres (e.g. Rhodobacter sphaeroides, Rhodobacter viridis,
Allochromatium vinosum). "®8182 \We revisited this claim in Papers Il and 1V by
performing 2DES experiments at cryogenic temperatures on bRCspn and bRCerx and
provided spectroscopic evidence for the charge transfer states in the special pair
band.
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In addition, there is still an ongoing debate about the positions of higher excitonic
transitions of the special pair in bRCspn and bRCcr, confounded by many different
studies and findings.>*®1# The weak dipole moment of the higher excitonic
transition and the extremely fast relaxation between the two excitonic states made
it challenging to determine the exact position of the higher state. We reassessed this
topic in Paper Il for bRCsp and Paper 1V for bRCci and defined the positions of the
higher energy excitonic states of the special pairs in both bRCs.

Lastly, the two time components for charge separation in bRCc and their ratio
reported in the literature differ significantly; see references 7", There is also no
common conclusion as to why the dynamics at low temperatures become non-
exponential in the first place.”” To clarify this, we performed a 2DES study on the
quinone-reduced bRC¢ at 78 K, presented in Paper V. The femtosecond time
resolution allowed us to separate the two time components and propose an
explanation for the dual origin of charge separation.

29






Two-dimensional electronic
spectroscopy

This chapter aims to provide basic knowledge about two-dimensional electronic
spectroscopy (2DES) — the main experimental technique used in this thesis. It begins
with an overview of 2DES, followed by the three main subchapters that briefly
introduce theoretical formalism, provide ways to track signal evolution and cover a
few experimental nuances. The goal of this chapter is not to write down a complete
theory behind the 2DES nor to give step-by-step instructions on how to perform an
experiment. It should contain a summary of important aspects necessary to
understand the experimental data and photo-induced processes presented in this
thesis. For more information, we refer to field-famous books 8-%° or detailed review
papers %92,

2DES — a long story short

Two-dimensional electronic spectroscopy belongs to a family of so-called transient
four-wave mixing (TFWM) experiments. During the experiment, three laser pulses
interact with the sample, exciting it to various energy states and producing an
emitted signal. Controlling time delays between these pulses allows to follow and
record the system’s evolution after excitation. The main goal of 2DES experiments
is to collect emitted signals with respect to these delay times. To do so, it is
necessary to handle the timing of laser pulses with extremely high accuracy.

There are many methods to achieve the experimental requirements mentioned
above; see references %49-%, But in this thesis, only a 2DES in a non-collinear
heterodyne detection geometry will be presented. The temporal and spatial
arrangements of the four non-collinear laser pulses, as manipulated during 2DES
experiments, are pictured in Fig. 4.
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Figure 4. Temporal and spatial arrangements of four laser pulses in 2DES experiments

During 2DES experiments in a box-CARS geometry, three laser pulses arrive at the sample from the
three corners of an imaginary box and interact with the sample at 7,, 7, and t; time moments. The
signal radiated to the specific phase-matching direction ks = —k; + k, + k; is called a photon echo
(PE). It propagates together with the local oscillator (LO) pulse along the pathway of a fourth corner of
a box. The LO is usually delayed from the third laser pulse (and the signal) by some delay time, At,,,
which in our case is 2.57 ps. The third-order signal can be characterised as a function of delays
between the laser pulses, t, and t,, and a detection time t;, as S® (ts, t,, t;).

In time, three pulses interact with the sample at 4, ,, T3 time moments. The first
two pulses are noted as pump pulses, and the third as a probe pulse. The delay
between the pump pulses, t; = 7, — 74, is called coherence time, and the delay
between the second pump and the probe pulse, t, = T3 — 75, is called population
time. The fourth, weaker pulse is a so-called local oscillator (LO). The LO is there
for the heterodyne detection of the signal.®

In space, four laser pulses arrive at the sample non-collinearly, arranged in a square
shape. This particular experimental geometry, where three laser pulses make up
three corners of a square with the signal emitted on the fourth corner, is usually
referred to as a box-CARS. Interactions with three pulses with wavevectors k4, k,
and k3 induce a third-order polarisation in the sample. The sample later radiates
electric fields in multiple phase matching directions +k; + k, + k3. The so-called
photon echo (PE) signal is exclusively generated in the kg = —k; + k, + k3
direction and propagates in the fourth corner of ‘the box’ together with the fourth
pulse, the LO.%

In practice, it is common to collect two different signals from the PE, or the
rephasing (kg = —k; + k, + Kk3) pulse sequence and the non-rephasing pulse
sequence (kyg = +k; — K, + k3). The so-called purely absorptive spectrum can
then be plotted as the real part of the rephasing and non-rephasing signals (see, for
example, ref. & for a detailed explanation). Since the two pump pulses are identical
(apart from their directions of propagation), when measuring in the box-CARS
geometry, both signals can be generated by simply changing the time order between
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k, and Kk, pulses and collecting the signal in the same kg direction. When k, pulse
arrives first, the rephasing signal is generated, and when k, comes first, the non-
rephasing signal is emitted in the kg direction.

The boc-CARS heterodyne detection scheme has a few major advantages. Two
time-separated pump pulses decouple excitation frequency from the time resolution
using Fourier transform (FT) approach. This means that laser pulses can be as short
as possible without the expense of spectral resolution. In addition, the box-CARS
geometry is formally background-free since the signal's direction differs from the
direction of excitation pulses. Finally, as discussed in the upcoming sections, non-
collinear propagation enables individual manipulation of four laser pulses and the
application of a heterodyne detection scheme to facilitate the detection of very weak
signals.

The brief theory behind the response function formalism

This subchapter presents a small part of the theory and the main equations behind
TFWM experiments. The introduction starts with a well-known Hamiltonian for a
system interacting with an incident electric field and finishes with eight members of
the third-order response function. A detailed theoretical approach can be found in
references 8789,

Hamiltonian of a system

The Hamiltonian of a system — an operator defining its’ total energy — which is
surrounded by a harmonic environment (a bath) and also interacts with an external
electric field, can be written as a sum of two separate Hamiltonians:

H= ﬁsyst + ﬁint(t)- 1

In this formulation, the first part of the Hamiltonian contains everything about the
system (S), its harmonic bath (B), which causes dephasing and relaxation, and their
system-bath interaction (SB): Hsys: = Hs + Hp + Hsp. The second, time dependent
term, Hi,.(t), describes a dipolar system-field interaction — a system’s perturbation
by an external electric field.

After the dipole approximation, assuming that the size of the molecular system is
smaller than the optical wavelength of the incident electric field, the interaction term
can be written as a scalar product of two vectors:

Hine(®) = —(&- E(r,1)). )
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Here, E(r,t) is the incoming electric field, and i is the electric dipole moment
operator.

The incoming optical electric field induces a nonlinear polarisation in the system.
Mathematically, the property is defined as a convolution of the external electric field
with a time-dependent electrical (optical) susceptibility term (x(t)), multiplied by a
vacuum permittivity, &,:

P(t) =& [, x(t—tHE(t)dt' 3)

In Eq. (3), the susceptibility, which in reality is a tensor, was replaced by a constant,
assuming the interacting medium is isotropic and non-dispersive, and vector
notations of polarisation and electric fields were dropped with an assumption
polarisation of the electric dipole moment operator and that of the incident electric
field are parallel.

The induced nonlinear polarisation can be expanded using the Taylor series in terms
of the different orders of nonlinearity:

P() = PO + PA@) + PO(E) + --. 4)

The various terms from the above expression define responses from the system after
certain interactions. For example, the linear polarisation term PV (t) is essential for
defining linear absorption. The expression can be written through the linear
response function S (t,) as follows:

PD(0) = [7dt; SO(e)E(t — ty). (5)

For the TFWM experiments, the third-order polarisation term P3(t) needs to be
considered since it is defined by three interactions with the incoming electric fields.
The third-order polarisation can be written as:

P(3) (t) = fooo dt3 fooo dtZ fooo dtl 5(3) (t31 tZI tl)
E(t —t3)E(t —t3 —t.)E(t —t3 — t;, — t1). (6)

The time notations, t,, t,, t3, mark time variables for the response function — periods
between the system-field interactions — as indicated in Fig. 4. Equations (5) and (6)
are again the convolutions of the response function and external electric field
functions, E(t). From the analogy of Eq. (3) and Egs. (5) and (6), it becomes clear
that the response functions carry all the information about the system’s optical
properties.
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When it comes to experiments in the homodyne detection scheme, the measurement
directly probes the signal intensity (I5;4). The intensity has a quadratic dependence
on the emitted electric field, Eg;4 (), and, in turn, is directly proportional to the
induced polarisation, P(t):

Isig S |Esig(t)|2 x |P(t)|2- (7)

For the heterodyne detection scheme, as in our case, the detector measures an
interference between the emitted electric field and the fourth laser pulse, the LO.
The detected intensity is then:

2
[ig |ELO(t) + Esig(t)|

= |ELo (DI + |Esig (0| + 2Re[Eo(DEsig (D] (8)

The first two terms of this expression can be neglected, as the signal’s term

(|Esig (t)|2) alone is relatively weak, and the LO pulse can be subtracted if desired.
What remains is the cross-term, which allows measuring the phase and time
dependence of the signal Eg;,(t) relative to E;(t). Equation (8) suggests that
measuring the emitted signal (knowing the time dependence of the induced
nonlinear polarisation) is sufficient to extract essential information about the optical
properties of the system.

Third-order response function

Response functions are calculated using perturbation theory, a rather involving and
sophisticated theoretical approach. The details behind the method can be found in
ref. 8, and here only the final result, essential for understanding 2D spectra, is given.

The total response function can be written as a sum of individual response functions
(Rg), describing various system-field interactions. For the TFWM experiments, the
total third-order response of the system interacting with three laser pulses can be re-
written as a sum of eight members:

SO (ts, ty,t1) = 6(t3)0(t2)0(t1) T8 Ry (T, 71, T, T3). 9)

The Heaviside functions, @ (t), which are equal to one if t > 0 and to zero if t < 0,
ensure the system-field interactions take place in a correct time order. The
relationships between the interaction and evolution times are T =t, 13 =t — t3,
T, =t—t3—t,, Ty =t —t3 —t, — ty, as it was indicated in Fig. 4.
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Eight members of Eq. (9) are:

R1(T; 71,72, T3) = +Tr[A(T)A(T3) Peqii(T1)A(T2)],
Ry (7511, T2,73) = +Tr[A(0)A(T2) Peqi(t1)A(T3)],
R3(T;74,T2,T3) = —Tl‘[ﬂ(ﬂﬁ(%)ﬁ(fz)ﬁeqﬁ(ﬁ)]:

R4 (7571, T2, 73) = +Tr[A(0)A(73)A(T2) A(T1)Peql,
Rs(7; 71,72, 73) = +Tr[A(T) A(T1)Peqfi(T2) A(T3)], (10)
Re(T; 71,72, 73) = —Tr[A(T) A(T3) A(T1) Peqi(T2)],

R7(7; 71, T2, 73) = —Tr[A(T)Peqi(T1)A(T2) A(T3)],
Rg(7; 71,72, 73) = _Tr[ﬁ(T)ﬁ(Tz)ﬁ(Tl)ﬁeq.ﬁ(T3)]-

The density matrix, p.q, Which describes the state of the system, is written in bold
here to highlight its relative position in the expansions. The upcoming subchapter is
dedicated to understanding these expressions and showing how mathematical
equations can be connected to visible signals.

Tracking 2DES signals

The following subchapter overviews various ways to track, represent and
understand third-order signals. It picks six essential members from the third-order
response function (R; to Rs, EQ. (10)) and presents them in the useful visual
representation of double-sided Feynman diagrams. The later sections summarise the
construction and interpretation of a 2D spectrum, followed by a discussion about
various 2DES signals and their constructive/destructive interference.

Conventional double-sided Feynman diagrams

As it will become clear at the end of this section, expressions R, to R, contain all
the essential system—field interactions during the time period of interest. However,
they are densely packed and challenging to read. At this point, it is natural to
introduce the so-called double-sided Feynman diagrams. They provide a visual
picture of interactions described by Eg. (10) and serve as a convenient tool to track
the system’s evolution. Details for drawing these diagrams can be found elsewhere
8 and will be only briefly discussed here.
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The six conventional double-sided Feynman diagrams (Fig. 5) show the single
molecule’s evolution in the density matrix representation, p.q = |g1){g.|. Vertical
lines correspond to the time evolution, which runs upwards, and the black arrows
indicate system-field interactions. The levels of the system are noted as follows: g,
—a ground state, e; — an excited state, f; — a two-exciton state.

The interactions with the ket (| g, ), left side) or bra ({(g; |, right side) vectors of the
density matrix and the interaction time order are all ‘encoded’ in the expressions R
to Rg. They can be determined from the positions of transition dipole moments
relative to the density matrix and their time notations. E.g. the p.q/i(7,) partin R,
expression describes the first interaction with the bra vector of the density matrix
(lg1){g1| <) at the time 74, as indicated by a first black arrow (k) positioned on
the right side of the R, diagram in Fig. 5.

In addition, the black arrow pointing to the left (<) corresponds to an interaction
with the electric field with e!“t=%T phase factor, and an arrow pointing to the right
(=), with etk These wavevectors are described by two phase matching
directions: rephasing (kg = —k; + k, + k3) and non-rephasing (kyg = +k; —
k, + Kk3).

Rephasing pathways
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Figure 5. Feynman diagrams for rephasing and non-rephasing pulse order

Rephasing (kg = —k; + k, + k3, top) and non-rephasing (kyg = +k,; — k, + k3, bottom) double-sided
Feynman diagrams represent six possible laser-matter interaction pathways: ground state bleaching
(GSB), stimulated emission (SE) and excited state absorption (ESA). The levels of the system are
noted as follows: g; — a ground state, e; — an excited state, and f; — a two-exciton state of the same
molecule. For clarity, the bra/ket notations are omitted in the density matrix representation. Note that
when pulses k; and k, are interchanged in time, the non-rephasing signal is generated in the same
phase-matching direction as the rephasing signal.
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Furthermore, the arrow pointing towards the vertical line indicates absorption and
pointing away shows emission from the system. The last interaction is, by
convention, emission from the system and always points away from the left side of
the diagram (green arrow). After all four interactions, the system must end up either
in the ground (| g1 ){g4]) or in the excited (]e, ){e;|) population state.

The R, to Rg members in Eq. (10) are numbered as conventional time-resolved
spectroscopy signals for rephasing and non-rephasing phase matching directions.
These are ground state bleaching (GSB — R, and R,), stimulated emission (SE — R,
and Rs) and excited state absorption (ESA — R5 and Rg) contributions. The last two
members (R, and Rg) do not produce any signals in the detected phase-matching
direction.

Lastly, the overall sign of the signal, described by each diagram, is determined by
the number of right-side interactions. It is positive if the number of interactions is
even (GSB and SE) and negative if it is odd (ESA).

Looking into the evolution of the density matrix, the first interaction creates optical
coherence between the ground and excited states (|g){e1|) or (Je;){g4]). In terms
of population dynamics, the second interaction produces a population in the ground
(lg1){g1]) or excited (|e;){e;|) states. The third interaction with the laser pulse then
again generates coherence between the ground and excited (|e;){g4|) or between
two excited states (|f;){(e1]). This final state produces (emits) the third-order signal,
as indicated by the fourth arrow in the double-sided Feynman diagrams in Fig.5.

In addition to the Feynman diagrams covering population dynamics, the quantum
beatings signals (QB, omitted from Fig. 5) describe oscillating signals and are used
to monitor coherences in the system. For the QB signals, the second interaction
creates coherence either in the ground (|g1){g1'], 91 # 91') or in the excited
(ler){e1'|, e; # e1) states. Coherences in the ground state are solely vibrational,
while coherences in the excited state can be of electronic or vibronic (excited state
vibrational) origins.®°” These coherences are visible as oscillatory signals during
population time, with frequencies corresponding to the energy difference between
the two states involved.

Constructing a two-dimensional spectrum

The third-order signal can be rather naturally represented as a time-resolved 2D
spectrum with one axis representing the excitation and the other one — detection
energies. For this, the recorded signal, S(¥3, t,, t;), which is a set of interferograms
between the emitted electric field and the LO pulse, is converted to a 2D spectrum
by an FT over coherence time (t; — ¥,) and a back and forward FT and windowing
over 75 dependency: 75 — t; - w(t) — V3. Here w(t) is a window function in the
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time domain. The result is a correlation spectrum between excitation (¥;) and

detection (¥;) wavenumbers for a fixed population (evolution) time, t,.

One of the many ways to present a 2D spectrum is shown in Fig. 6. The excitation
axis is horizontal and increases from left to right, while the detection axis is vertical
and grows from the bottom to the top. There is still no general agreement on the best
way to plot 2D spectra. Sometimes the spectra are plotted with transposed excitation
and detection axes or using wavelength or eV instead of frequency. Yet this defines
only the graphical interpretation of the signal, while the information obtained from
2DES experiments is the same.

Pump-probe type signal

Detection axis, V,

Excitation axis, V,

2DES Absorption to higher

energy states

Coupllngs ,"

o "
#&

Pt Charge
separatlon

Jaysuely ABiaug

Figure 6. 2D spectrum and the information it carries
Example of an absorptive part of the total (rephasing+non-rephasing) 2D spectrum and the information

it carries. At early population times, diagonal cut corresponds to absorption type signals, and

homogeneous and inhomogeneous broadenings correlate with diagonal and anti-diagonal widths of the
diagonal 2D peaks. The position of diagonal peaks indicates molecular transitions, while cross-peaks
correspond to couplings or excitation energy transfer. Negative signals usually stand for absorption to
higher energy states, yet in specific systems, such as bRCs, it can also indicate charge separation. The

integrated signal over the excitation axis can be scaled to match pump-probe-type signals at various

population times.

39



Positions of the particular signals in the 2D spectrum, as described by double-sided
Feynman diagrams in Fig. 5, are defined by the first interaction (absorption =
excitation energy) and the last interaction (emission = detection energy). As already
mentioned, peaks with positive amplitude rise from the ground state bleaching and
stimulated emission signals. Negative features indicate the excited state absorption
or re-excitation processes (see further section).

Many things can be learned and determined from 2D spectra. The positions of the
peaks and cross-peaks indicate various transitions: electronic, vibrational or
vibronic.*®°" Homogeneous and inhomogeneous broadenings of lineshapes can also
be extracted from the shape of diagonal peaks. Homogeneous broadening — defined
by molecular properties, such as population relaxation, pure dephasing or
orientation relaxation — corresponds to an anti-diagonal width of the 2D peak. While
inhomogeneous broadening — relatively wide energy distribution of electronic
transitions, resulting from the distribution of molecular interactions with the
environment (solvent, proteins, etc.) — corresponds to the diagonal width of the
diagonal 2D peak.

From the changes in 2D signal during population time, dynamics of various photo-
induced processes can be obtained. For example, the evolution of lineshapes of
diagonal peaks provides information about intraband processes®% or
environmental effects.’® The cross-peaks, on the other hand, carry information
about couplings and excitation energy transfer between the states.*?1% The charge
separation and electron transfer can be monitored through the emerging signals from
charged molecules or the formation of dynamic band-shift signals (Paper I1). Lastly,
patterns and lifetimes of coherent signals, combined with polarisation control of the
laser pulses, can help to determine the origin of the transitions 997103104 gng
couplings between the states (Paper I).

2D spectra for various systems: introducing re-excitation pathways

In a way they were formulated in the previous section, the Feynman diagrams
describe light-matter interactions within a single molecule. Naturally, light-
harvesting systems are much more complicated. To develop a full and clear picture
of how molecular interactions are reflected in 2DES, we distinguished specific
signals from Rs; and Re pathways (ESA diagrams) as a new group of Feynman
diagrams. We called them re-excitation (RE) pathways. The RE pathways cover
signals originating from two or more molecules or the same molecule after EET/ET
and molecular relaxation. The RE signals were introduced in Paper Il to disentangle
the formation of dynamic band-shift signals in bRCsp. Yet, it is essential to note
that several groups had used similar diagrams before (called negative GSB or simply
ESA) to explain excitonic delocalisation or EET dynamics,10%:102105
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To illustrate the need and practicality of RE diagrams, a simple case of a weakly
coupled molecular dimer is presented in Fig. 7. The ‘weak’ coupling means that
molecular interaction does not change energy states (eq,e,, where e, > e;) nor
transitions (u4, up) of two molecules, however, Forster resonance energy transfer
(excitation energy transfer, EET, e, — e;) is present.
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Figure 7. 2DES of a weakly coupled dimer

Scheme of energy states for a weakly coupled heterodimer together with two 2D spectra before (t, =
0) and after (t, > 0) excitation energy transfer (EET). Before EET, the diagonal peaks comprise
positive GSB and SE signals, while the RE signal fully cancels GSB at the 21 and 12 CP positions.
After EET, the RE pathway cancels GSB at the higher diagonal peak 2, and the SE signal shifts to 21
CP. The most important Feynman diagrams for the diagonal peak 2 and the cross-peak 21, before and
after EET, are on the right.

Figure 7 shows the illustrative 2D spectra of a weakly coupled system for two cases,
before (t,=0) and after (t2>0) EET. Before EET, the 2D spectrum is composed of
only diagonal peaks. The signals in these peaks rise from GSB and SE contributions
(see t;=0 Feynman diagrams for peak 2). The GSB signals at the cross-peak
positions are also present; however, they are completely cancelled out by the RE
pathways. For clarity, only population signals are discussed in this section, and ESA
pathways to two-exciton states are omitted.

The RE pathways here describe the events where the first two laser pulses interact
with one molecule of the weakly coupled dimer, yet the third interaction and the
signal comes from a different molecule. With only one interaction from the right
(see Fig. 7), the RE contributions carry a negative sign. In addition, the intensities
of various signals are scaled with the strengths of the four transition dipole moments
involved and shown in the Feynman diagrams (see Fig. 7), the so-called pre-factors.
For diagonal peaks 1 and 2, the pre-factors are simply |u, |* and |u,|*. For the cross-
peaks, it is [u,|?|pq|? for 21 and |uy|?|u,|? for 12. It is now apparent that at t,=0
time, GSB and RE signals in the CP positions rise with the same pre-factors defining
signal strengths, yet opposite signs, leading to the complete cancellation of two
contributions.
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After downhill EET (e, — e,), the SE signal from the diagonal peak 2 down-shifts
to the 21 CP, as emission is now recorded from e; energy state instead of e, (see
Feynman diagrams for t2>0 in Fig. 7). Similarly, the RE signal from 21 CP up-shifts
to diagonal peak 2. Therefore, after EET, this RE signal now fully cancels the GSB
signal at the higher diagonal peak 2. The GSB and SE signals at the lower diagonal
peak 1 and cross-peak 21 stay constant until molecular relaxation begins.
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Figure 8. 2DES of a strongly coupled dimer

Scheme of energy states for a strongly coupled heterodimer together with two 2D spectra before (t, =
0) and after (t, > 0) excitation energy transfer (EET). All the notations are the same as in Fig. 7; just
the transition dipole moment of one molecule now depends on the state of its dimeric partner.

The picture is different for the strongly coupled dimer (Fig. 8). The coupling
strength (J) and the difference between two energy states (e, —e;) play an
important role in transforming energy states and transition dipoles of the interacting
system. The whole interplay was discussed in detail in ref. 1°2, but the key message
is that one molecule’s transition now depends on its dimeric partner’s molecular
state. l.e., transition dipoles, when both molecules are in the ground state ;o)
I2(0)), are no longer equal to the transition dipoles, when their dimeric partners are
in the excited state: p; (o) # p1(2) and Uy (o) # Hz(1) (index number in the brackets
indicates if and which molecule was previously excited). This determines that the
pre-factors for the GSB and RE signals in CP positions at early times are no longer

2 2 2 2 2 2
equal: (o) |z|” # ltao) | |H2ey]™ Tor 12 and  |uy()| |1 o)
|y2(0)|2|y1(2)|2 for 21. The two signals do not cancel each other but instead result

in one positive and one negative CP, as discussed in ref. 12 and showed in the t,=0
2D spectrum in Fig. 8.

Again, after EET (t2>0), signals from the 2 and 21 positions redistribute. SE is now
visible from the lower diagonal CP 21, and RE from the 21 CP position shifts to the
higher diagonal peak 2. However, even though RE and GSB signals overlap, they
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do not entirely cancel out, as pre-factors for two signals are not equal:
2 2 2 2
|t20)|” (2| # 200|120y |™

The realistic systems studied with 2DES are much more complicated than the
idealistic dimer cases presented in this section. It is rare for all ESA signals to be
absent. However, described dynamics of the signals during EET and the presence
of the cross-peaks for excitonically coupled systems persist and hold for any TFWM
experiment.

Experimental nuances

The goal of TFWM experiments is to measure the system's third-order response
function (signal) with respect to the delay times between the laser pulses,
SG)(ts,t,,t,). For this reason, the experimental setup must generate three
ultrashort laser pulses (four for heterodyne detection) and provide a way to change
the delays between them. Details about the 2DES setup used for the experiments
presented in this thesis can be found in references 1°1%” and are discussed briefly in
the upcoming section. After introducing the setup, the following two sections
describe polarisation control and the global analysis procedure.

Experimental setup

The 2DES lab in the Division of Chemical Physics, Lund University, is equipped
with a PHARQOS amplified laser system (Light Conversion Ltd), producing ~200 fs
duration laser pulses of 1028 nm fundamental radiation at 200 kHz repetition rate
(adjustable by pulse-picker) and the average output power of 6 W. The laser system
pumps a lab-built non-collinear optical parametric amplifier (NOPA), which
operates as a tuneable light source, providing ultrashort laser pulses (10-20 fs after
compression using a prism compressor or a combination of the prism compressor
and chirped mirrors) in the visible and near-infrared region (470-950 nm).
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Figure 9. 2DES experimental setup.

Experimental setup used for 2DES experiments. The details are presented in the main text and found
in ref. 196107 Appreviations used in the picture are: BS — beamsplitter, M — mirror, 1, 2, 3 — numbering of
three laser pulses, LO — a fourth pulse, the local oscillator, SM — spherical mirror, TG — transmission
grating, QWP — quarter waveplate, Chp — optomechanical chopper, W1, W2, W3 — wedges.

The 2DES experimental setup is presented in Fig. 9. The output of the NOPA is
separated into two beams (1+2 and 3+L0O, marked with notations of the four future
pulses) using a 50/50 broadband beamsplitter (BS). Both beams hit separate
retroreflectors, where the population delay (t2) up to 1 ns for the beam 3+LO is
implemented using a mechanical delay stage. A spherical mirror (SM) then focuses
two beams on a transmission grating (TG), optimised for the 4+ 15t diffraction order.
The zero and higher diffraction orders are filtered with masks, and only four pulses,
already in a box-CARS geometry, travel further. Linear polarisation of the beams is
converted to circular with the broadband quarter waveplate (QWP), and then four
beams reflect from the second SM, which focuses them on the sample. Before
reaching the sample spot, beams 1 and 2 travel through the fused silica wedges (W1
and W2) to control the coherence delay with a femtosecond time accuracy. The
same, but not movable, wedge pair is inserted into beam 3 (W3) to get the same
dispersion and delay as beams 1 and 2. Polarisations of individual beams are
manipulated by placing four separate linear wire grid polarisers in the path of each
pulse just before they reach the sample. Lastly, optomechanical choppers stand in
the way of pulses 1 and 2 for double lock-in detection.®® Modulation of two pulses
at two different frequencies allows signal detection at the sum and difference of
those frequencies, minimising unwanted contributions from the scattered light.1%
The third chopper, marked as Cph 3, stands in the way of pulse 1+2 and is there for
conducting pump-probe experiments.
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The experimental setup, as described in Fig. 9, has many advantages. First, it allows
manipulation (chop, delay, change polarisation, etc.) of each beam separately. It is
also straightforward to measure both rephasing and non-rephasing signals by simply
changing the time order between pulses 1 and 2. For this reason, movable wedges
stand in the optical paths of both beams (see Fig. 9). Also, the co-propagation of all
beams assures phase stability. The beam pairs with required highly accurate time
delays (1+2 and 3+LO) always travel together and hit either the same reflective
optical element (mirror, retroreflector, etc.) or the same/different transmission
element (grating, quarter waveplate, wedges). In this case, if the mirror moves, the
relative phase drift between the pulses is the same, and the relative time delay is
unaffected. The transmission elements do not introduce this phase drift, as the beam
travels through the optics and is mostly immune to its movements.

Implementing the heterodyne detection scheme in a box-CARS geometry amplifies
the signal (by mixing it with an LO pulse and recording interferograms between two
fields) and minimises the background from the other pump/probe pulses. To
eliminate LO contribution in the measured heterodyned signal and to avoid the
fourth pulse acting as a probe, the LO is usually delayed from the emitted signal by
a fixed time delay. This delay time must be optimised to have as many interference
fringes on the detector as possible. However, the pattern should still be well resolved
on the spectrometer to measure the signal correctly. In our case, LO is delayed by
2.57 ps.

Polarisation control

Polarisation control is an important tool to disentangle the nature of transitions,
couplings and coherent signals in 2DES.%1% For the full polarisation manipulation,
individual control of each pulse is necessary — the feature available ‘freely’ when
measuring in the box-CARS geometry. The most commonly used and explored
polarisation sequences in 2DES are all-parallel (AP, (0°,0°,0°,0°)), magic angle
(MA, (54.7°,54.7°,0°,0°)) and double-crossed (DC, (45°, —45°,90°, 0°)).

Polarisation control is discussed extensively in Chapter 5 of ref.%., Here, only a final
result will be presented — the dependency of signal intensities as a function of angles
between transition dipole moments and polarisation of four laser pulses (Fig. 11). It
is essential to mention, that these results were obtained under some highly restrictive
assumptions, e.g. that the magnitudes of dipoles and fields are unity and that the
transition dipoles are independent of time. In addition, the ratios of various signals
are presented for isotropic samples averaged over all possible molecular
orientations. The results are compared with signal intensity for a diagonal peak for
an anisotropic sample measured with an AP polarisation sequence. In that case, all
molecules are arranged parallel to the laser pulses, so the signal intensity is maximal,

anis __
Sdiag =1.
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Figure 10. The ratio of various signal intensities in 2DES with polarisation control
Ratios between relative intensities of diagonal peaks and cross-peaks for all-parallel

(AP, (0°,0°,0°,0°)), magic angle (MA, (54.7°,54.7°,0° 0°)) and double-crossed (DC, (45°, —45°,90°, 0°))
polarisation sequences. The radial angle shows the angle between dipole moments of two transitions
for cross-peaks (this angle is zero for diagonal peaks), and the radius corresponds to the relative
intensities. The values are presented relative to the intensity of diagonal peaks for an anisotropic

sample and AP polarisation sequence: S,;‘{';; =

In Fig. 10, the signals are divided into diagonal peaks, cross-peaks from population
signals (couplings and energy transfer) and cross-peaks from beating signals
(coherences between two levels). Intensities of diagonal peaks depend only on the
polarisation of the pulses since there is only one transition dipole moment involved:

Saiag = 1/15 X
(cos 01, cos O3, + cos O3 cos 0,4 + cos B4 cos B,3). (11)

Here, the © ;; are the angles between polarisations of corresponding laser pulses,
e.g. for AP measurements ©;; = 0,V i,j. The ratios of signal intensities for the
diagonal peaks are Sdlag = 0.2 for AP, Sdlag 0.11 for MA and Sdlag = 0 for
DC polarisation sequences.

The intensity ratio for the population signals at the position of CP depends on an
angle between the transition dipole moments (¢) and angles between the
polarisations of laser fields. For example, population signals in the AP polarisation

have the angular dependency of SAF Pop = 13 (1 + 2cos? ), as visualised in the

middle graph of Fig. 10. The MA polarisation sequence now reveals its full potential
as the signal intensity of population CP is almost independent of the angle between
two transitions. Therefore, the MA polarisation sequence is usually preferred when
measuring population transfer signals, to avoid any depolarisation dynamics. For
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the DC polarisation sequence, the populations signal intensities are again zero:
SglgPop = 0.

Finally, when it comes to the beating signals in the cross-peaks, AP and MA
polarisations favour signals rising from two parallel transitions, and suppression is
visible for signals from two perpendicular ones (right graph in Fig. 10). However,
signals from two transitions with transition dipole moments that are at the right
angle in DC polarisation are not zero anymore. Therefore, the DC polarisation
sequence (45°,—45°,90°,0°) suppresses all signals from single electronic states
(populations or vibrational coherences) while leaving out only signals involving two
electronic transitions (electronic coherences or coherences excited via vibronically
coupled transitions). For this reason, a general and extremely useful practice when
measuring and analysing coherences in 2DES is to compare beating signals from
AP and DC measurements,104:108.109

Global analysis procedure

The global analysis procedure provides characteristic time constants of the photo-
induced processes in 2DES experiments.!®? The population kinetics and
oscillations (quantum beatings) in each point of the 2D spectrum are fitted in
conjunction with dynamics from the other points as a sum of exponential
decays/rises and damped oscillatory signals (Fig. 11).
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Figure 11. Single point kinetics in 2DES

The temporal evolution of a single point kinetics in 2D spectra often displays two different types of
dynamics — multi-exponential decay/rise (population transfer) and damped oscillatory features
(coherences or quantum beatings).

47



The global fitting equation for each point of the 2D spectrum (¥;, ¥3) can be written
as the following expression:

SOy, ty, V3) = Ty ADAS (), F3)e ~Fmt2 4+
ZnAgM (171’173)e_knt2_i(i7nt2+(ﬂn). (12)

Here, As are the initial amplitudes, ks — rate constants, proportional to decay times
(kmn~ 1/tm n), 7, @y, — frequencies and phases of oscillatory signals (QB). Indices

m and n represent the number of fitted exponential and oscillating components,
respectively. For every exponential decay rate, k,,, 2D decay associated spectra
(DAS) can be plotted using the fitted amplitudes, ARAS(¥;,75). The same can be
done for each fitted frequency, ¥,,, where fitted amplitudes, A9™ (¥,, ¥5), build a so-
called oscillation map (OM). A detailed explanation of our global analysis approach
and composition of DAS/OM can be found elsewhere 110111

Figure 12 presents conventional 2D DAS for EET between two electronic states and
OM for vibrational beatings. The DAS indicates the downhill EET from e, to e,
state. To explain the apparent signals in a simple way, positive peaks in DAS show
a diminishing signal intensity of the positive signal in the 2D spectrum (e.g. energy
leaving the state). In contrast, negative signals correspond to an increase in positive
signal intensity (e.g. energy arriving at the particular state). The signs in DAS are
opposite for the negative spectral features. The fitted decay/rise time of each DAS

(t~ 1/k ) indicates the observed rates of the involved processes. The
m

characteristic OM of ¥, wavenumber vibrational beatings in the rephasing part of
the signal is presented on the right side in Fig. 12. After the fitted DAS are subtracted
from experimental data, the characteristic frequencies can be obtained by
performing a real FT or complex FT over the signal residues. The complex FT can
discriminate between signals evolving with either e*V2t2 or e~V2t2 phases, while
the result from the real FT (as in Fig. 12) combines features from both signals. In
connection with double-sided Feynman diagrams, positive ¥, frequencies originate
from |2){1] coherences during the t, time period and negative frequencies from
| 1)(2] superposition. Here, numbers 1 and 2 mark states of the system, which can
be of any origin (ground or excited electronic, vibrational or vibronic) with a valid
energy inequality of 2 > 1.
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Figure 12. Illlustrative DAS and OM

Energy scheme for a weakly coupled heterodimer with indicated electronic ground (g,, g,) and excited
(e,, e,) states, and vibrational levels (g7, e;, where g; — g, = e; — e; = 7,). Conventional decay
associated spectrum (DAS) represents EET (excitation energy transfer) between the states (e, — e;).
The positive peak indicates population decrease, and the negative peak indicates population growth in
a particular state. Also presented is a characteristic oscillation map (OM) for vibrational beatings with
+¥, wavenumbers, as observed in the rephasing part of the signal.

Performing the complex FT on the rephasing part of the signal is highly
advantageous, as the procedure can help distinguish between the ground and excited
state coherences. As presented in detail in Supplementary information of ref. 1%,
positive frequencies in the rephasing part of the signal can only originate from the
excited state, while negative frequencies can come from coherences either in the
ground or in the excited states. In addition, purely electronic beatings have the same
amplitudes for positive and negative frequencies, while for vibrational coherences,
amplitudes of QB with negative wavenumbers usually dominate the OM.

The vibrational, electronic or vibronic beatings result in specific peak patterns in
OM and thus can be used when defining the origin of coherences.®®” However, it
is essential to remember that these patterns might be altered depending on the laser
spectrum coverage of the involved transitions.’® In addition to specific OM, the
lifetimes of electronic beatings (dephasing) are usually much shorter in molecular
systems than the lifetimes of vibrational/vibronic beatings (hundreds of
femtoseconds compared to lifetimes close to or longer than a picosecond for
electronic and vibrational coherences, respectively).19310419 With the help of this
knowledge, the origin of oscillations and even the nature of involved states can be
determined quite accurately.
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Main results

This chapter will summarise the main results of the included published papers and
manuscripts. The experimental observation of vibronic coupling in a photosynthetic
pigment — chlorophyll c1 — was demonstrated in Paper I. The dynamic band-shift
signals in 2DES were characterised in Paper Il. The obtained knowledge was then
used to track charge separation in reaction centres of purple bacteria bRCspn and
green bacteria bRCey, as presented in Papers Il and IV. Papers Il and 1V also
introduce the first identification of a low-lying initial charge-transfer state within
the special pair in both reaction centres. Lastly, energy transfer and trapping in the
photosynthetic units of intact living cells of the green bacteria Chloroflexus
aurantiacus were presented in Paper V.

Vibronic coupling in chlorophyll-type molecules

The vibronic coupling between the Qy and Qy states in Chl c1 molecule was explored
with polarisation-controlled 2DES at 77 K, and the findings were presented in Paper
I. The Chl cl was extracted from light-harvesting complexes of the diatom
Cyclotella meneghiniana.**? Although not a very common Chl-type molecule, Chl
c1 made a great candidate to observe vibronic coupling, as the two visible transitions
were nearby energetically (~1000 cm™) and almost equal in intensity (see Fig.
13(a)).

The two 2D spectra at t,=100 fs population times from two sets of experiments: an
all-parallel polarisation arrangement ({0°,0°,0°,0°), AP) and a double-crossed
((45°,-45°,90°,0°), DC), are presented in Fig. 13(b). From the global analysis of AP
data, the EET between Q states (Qx—Qy) was found to be rapid and happened on
the 100 fs timescale. 113114

Figure 14 summarises the main findings from the 2DES DC data analysis. As
presented in the subchapter “Polarisation control”, only beating signals between two
transitions with a non-parallel orientation survive in DC polarisation measurements.
These beatings can originate from either electronic coherences or coherences
excited via vibronically coupled transitions. In addition, the QB with positive
wavenumbers in the rephasing part of the signal indicates the presence of excited
state coherences, while the negative wavenumbers below the diagonal could
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indicate both excited and ground state coherences.!® To exploit this feature, a
separate complex FT analysis of above and below diagonal signals was performed.
The fitted regions are indicated by the dashed rectangles in the 2D spectra in Fig.
13(b).
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Figure 13. 2DES of Chl c1 molecule

Low temperature (77 K) absorption spectrum of Chl c1 (solid black line) overlayed with laser spectrum
(shaded area) used in 2DES experiments (a). Solid vertical bars indicate two main transitions, denoted
as Qy and Qy. The third transition, visible at 17850 cm™, is most likely a band rising from the vibronic
coupling between the electronic state Qx and vibronic levels of Q,.® The real (absorptive) component of
the total (rephasing+non-rephasing) 2DES data from AP and DC polarisation experiments at t,=100 fs
are presented in the (b) part. The DC spectrum is scaled by a factor of 30 to make weak features
visible. Contour lines (solid for positive, dashed for negative signals) are spaced by every 20% of the
maximum signal, and an additional contour line is drawn at 2.5% to make weak signals more apparent.
Dotted rectangles mark the CP areas, integrated to obtain Fourier amplitudes for the beating signals.
The figure is adapted from Paper I.

The strongest beating signals in the upper CP region were of +1070 cm? and
+1200 cm? wavenumbers. Beatings of five frequencies dominated the
corresponding lower CP region: -1000 cm™?, -1180 cm, -1230 cm?, -1280 cm'* and
-1540 cm™ (see Fig. 14(a)). From the patterns of the signals in OM, intensities of
OM for +v, frequencies (Fig. 14(b)), and the lifetimes of QB signals, it was
concluded that beatings with positive frequencies originated from vibronically
coupled excited state transitions and that more than one vibrational mode was
engaged in vibronic coupling (see Paper I for details). The below diagonal CP
signals were dominated by the vibrational ground state coherences, excited via
vibronically coupled transitions in the excited state. The frequencies of these ground
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state coherences matched the existing vibrations present in the Chl ¢ Raman
spectrum: 1000 cm™!, 1180 cm!, 1240 cm™!, 1280 cm™! and 1560 cm™!.1%°

Evaluation of the suppression ratio for the signals from AP and DC experiments
using vibrational transition of the isopropanol (used solvent) impulsive Raman
mode at 810 cm™ suggested a significant suppression ratio of >660 (see Sl of Paper
1). This ratio was approximately 60 times stronger than the suppression factor for
the surviving Chl c1 signals in DC (~11 for the beatings in the 1200 cm™ region).
This fact ensured that visible beatings came from coherences between transitions
with non-parallel transition dipole moments and not from signals that leaked
through the polarisers. Observing these beatings in the DC polarisation
measurements was indisputable proof of vibronic coupling/mixing in the Chl cl1
molecule and is expected to hold true to the rest of the Chl-type molecules.
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Figure 14. Analysis of the beating signals in DC 2DES

(a) Fourier transform amplitude obtained from the cross-peak (CP) regions (lower versus upper) after
fitting the rephasing part of the 2DES data with exponential decay/rise kinetics and subtracting the fits
from the signal. Vertical dashed lines indicate £1070 cm™ and +1200 cm wavenumbers. Positive and
negative ¥, oscillation maps for two selected wavenumbers are presented in the (b) part. Different
intensities between OM for positive and negative frequencies indicate that excited coherences are not
of electronic origin. Figure adapted from Paper I.

Dynamic band-shift signal in bRC

In some systems, like bRCs, light absorption leads to charge separation and an
internal electric field formation. In time-resolved spectroscopy, the charge
separation can be conveniently tracked via the Stark effect and the formation of a
derivative-shaped dynamic band-shift signal.®®®° Although this signal is well
defined and understood in TA measurements,®®¢’ its appearance is not so intuitive
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in 2DES. For this reason, the dynamic band-shift signal and intrinsic dynamics
during the internal charge separation in the bRCsy system were described and
characterised in Paper II.

Figure 15(a) presents schematics of the transient Stark effect in quinone-reduced
bRCspn, Where positively charged special pair (P*) and negatively charged BPheo
(Hy) create an internal electric field, E. The slices of 2D spectra at the B band
excitation region in Fig. 15(b) visualise the two cases before and after charge
transfer (CT). The side 1D spectra were obtained after integrating 2D data over the
presented excitation (¥;) region and correspond to the TA-type signals. Horizontal
bars mark transitions of two accessory BChl, before (B, and Bg) and after CT (B,
and Bg). The dynamic band-shift signal — a positive peak changing rapidly to a
negative one — forms in the system with the characteristic time of charge separation.
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Figure 15. Stark effect in bRCspn

Formation of the charge-separated state (P*H;) in purple bacteria bRCsn, 0bserved as a band-shift
signal for the co-factors within the internal electric field, E. (a) The structure of quinone-depleted bRCspn
from ref. 52 after the formation of charge separated state. Vector lines illustrate the static electric field
between positively charged special pair (P*) and negatively charged BPheo (Hj). (b) The slices of 2D
spectra from the B excitation region (¥, between 12000-13000 cm) before and after charge transfer
(CT). On the side of each 2D spectrum, the TA-like signal is plotted, obtained after integration over 7,
axis. Two BChl transitions (B, and Bg) and their shifted states (B, and Bg), extracted from the data
analysis are marked with solid black bars.

The main findings from Paper Il are summarised in Fig. 16. Kinetic traces extracted
from six points, as indicated in Fig. 16(a), are presented in Fig. 16(b) with thick grey
lines. The data is overlaid with global analysis fits with three time components:
100 fs, 1.7 ps and >1ns. Time components stood for EET, ET and relaxation
processes and were discussed in more detail in Paper Il. Negative signals at points
(1), (2) and (3) formed with the time of charge transfer (1.7 ps) and were described
with RE pathways (see Feynman diagrams in the inside of Fig. 16(b)) to the Stark-
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shifted BChl transitions (B4 - B, and Bg — Bg). Sudden drops of signal
intensities at points (5) and (6) come from extremely fast (100 fs) downhill EET
between B—P bands, followed by the recovery of the signal at points (4)-(6). This
re-emerging of the signals happens with the time of charge separation (1.7 ps) and
stems from the partial exposure of the GSB signals of B, and By transitions.
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Figure 16. Dynamic band-shift signal

Single point kinetics at six points, as indicated in (a), comprising the band-shift signal. Coordinates
(#,,73) in cm™ of the points are as follows: (1) (11440,12700); (2) (12500,12700); (3) (13200,12700); (4)
(11440,12450); (5) (12500,12450); (6) (13200,12450). Grey thick lines in the (b) graph show
experimental data and thin black lines — multi-exponential fit, with three characteristic times of 100 fs,
1700 fs and >1 ns. On the right, in (c), the band-shift region from t,=900 ps 2D spectrum (“Data”) in
comparison with a fit of six Gaussian profiles (“Fit"). The (d) graph demonstrates vertical cuts at
7,=11420 cm'®; the squares correspond to experimental data and a solid red line — to the fit. The band
with a question mark does not have a clear assignment yet. Figure adapted from Paper II.

To estimate the electrochromic shifts of the Ba and Bg transitions for bRCgpn, the
above diagonal CP at t,=900 ps population time was fitted with six Gaussian
profiles. The comparison between the measured data and the fit is presented in Fig.
16(c) and (d), and the centres of six Gaussian profiles are summarised in Table 1.
The estimated band-shifts for the two accessory bacteriochlorophylls were
Ava=200 cm™? and Avg=180 cm™. In addition, transition at the 12160 cm’
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wavenumbers was proposed to be the higher excitonic transition of the special pair
Py, as in ref. % while the origin of the 12930 cm™ transition could not be exactly
determined.

Table 1. Centres of six Gaussian profiles
Centres of six Gaussian bands used to fit the band-shift signal, as presented in Fig. 16(c) and (d). Values
are in wavelengths (nm) and wavenumbers (cm™).

bRCapn Py Bs Ba B B'a ?
nm 822 813 801 801 788 773
cmt 12160 12300 12480 12480 12680 12930

2DES of bacterial reaction centres

Results from two 2DES experiments of quinone-depleted bRCspy from purple
bacteria Rhodobacter sphaeroides and quinone-reduced bRCcs from green bacteria
Chloroflexus aurantiacus were presented in Papers 11l and IV. It is only natural to
introduce the main findings from the three Papers in parallel, as they strongly relate
to each other, and some of the conclusions about bRCx are drawn from the
(assumed) structural similarities to the bRCspn complex.

Low temperature absorption spectra

Linear absorption spectra (black dots) of quinone-depleted bRCsyh (2) and quinone-
reduced bRC. (b) in the visible and near-infrared region at cryogenic temperature
(77 K) are presented in Fig. 17. The absorption spectrum of bRCspn consists of three
main bands: H at 760 nm, B at 803 nm and P at 880 nm. In the bRC case, the
bands are located at 757 nm (H), 813 nm (B) and 890 nm (P). In addition to three
major peaks, the bRCc absorption spectrum has a visible shoulder transition at
794 nm. Seven Gaussian profiles (shaded curves) stand for the transitions of the co-
factors, and the centres of the bands are listed in Table 2. Shadings of the Gaussian
peaks correspond to the selected colours of co-factors in the respective bRC
structures. The cumulative fits of the spectra with eight Gaussian profiles are
depicted with thin red lines. An additional, extremely broad Gaussian band was
necessary for both fits to converge (visualised with unshaded curves in Fig. 17).
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Figure 17. Absorption spectra and structures of bRCsyn and bRCex

Low temperature (77 K) absorption spectra of bRCsy, (a) and bRC (b) in black dots overlaid with the
cumulative fits (red, solid lines) using eight Gaussian profiles. The insides of the graphs present the
structure of quinone-depleted bRCqyn, as determined from X-ray crystallography,® and a tentative
structure of quinone-reduced bRC, adapted from bRCsy, data. Colour coding of the seven Gaussians
corresponds to transitions of different pigments in the systems. Adding one rather broad Gaussian was
necessary for both fits to converge.

Table 2. Centres of seven Gaussian bands
Centres of seven Gaussian bands used to fit absorption spectra at 77 K for two bRCs. Values are
presented in wavelengths (nm) and wavenumbers (cm™).

Rhodobacter sphaeroides (bRCspn)

nm 750 760 790 802 813 870 892
cm? 13330 13160 12660 12470 12300 11500 11210
Chloroflexus aurantiacus (bRCc)
nm 740 750 760 794 813 880 896
cm? 13510 13330 13160 12600 12300 11360 11160

As visible from the fits, in the bRCsyh case, two BPheo transitions lie under the H
band, and two accessory BChl molecules form the strongly absorbing B band. The
red side of the B band also covers the higher excitonic state, Py..In the bRC.« case,
the accessory BPheo (¢ ) contributes to the absorption increase of the H band, so
the B band rises solely from a single Qy transition of the B, co-factor.>* The P bands
in both cases are composed of a lower excitonic transition of the special pair dimer
(P,-) and a charge transfer state (P¢r). For bRCspn, the higher excitonic state, Py, ..,
was determined to be at 822 nm (12160 cm™); see Paper Il for the details. For the
bRC.r system, the P, state appears as a small shoulder band at 794 nm (12600 cm’
1), as was indicated in Paper IV.
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Excitation energy and electron transfer timescales

Rates of excitation energy and electron transfer in bRCspn and bRCctx were obtained
from the global analysis procedure of low temperature (77 K) AP 2DES data.
Representative 2D spectra for both complexes at three different population times
are depicted in Fig. 18. As mentioned before, global analysis of 2DES data from the
guinone-depleted bRCspn provided three characteristic time constants: 100 fs for
EET, 1.7 ps for ET and >1 ns for relaxation back to the ground state (Paper I1). The
times were in good agreement with the already reported values.”®”" The exact
B—P and H—-B—P EET time steps were not detected, most probably because
kinetics from the first 80 fs were removed from our data analysis to avoid the pulse
overlap effects.t!’

bRC,,
£,=200 fs|

Vs, (10° cm™)

V3, (10° em™)

" 12 13 n 12 13 n o 2 13
Vi, (10% cm’™) V4, (10 cm™) Vs, (10 cm™)

Figure 18. 2D spectra of bRCspn and bRCeix

Normalised total absorptive 2D AP spectra of bRCsp, (top) and bRC (bottom) at 77 K. Diagonal peaks
correspond to three main bands (P, B and H) as visible in the absorption spectra (Fig. 17), and kinetics
in the below diagonal peaks indicate downhill EET. Solid-line rectangles in t,=200 fs spectra indicate
regions used for tracing internal CT states, as presented in Fig. 19. The swift Stoke shift is marked with
red down arrows in t,=200 fs spectra, and dynamic band-shift signals rising after the formation of the
P*Hy state is specified with red dashed rectangles in t,=900 ps for both bRCs.

Analysis of quinone-reduced bRCc 2DES data resulted in six time components:
15 fs, 85 fs, 250 fs, 4.2 ps, 69 ps, and >1 ns (Paper IV). The shortest time component
(15 fs) indicated an extremely fast Stoke shift from the excited P* state and the
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formation of the minor band-shift signal (Av,,;, = 70 cm™1). The 85 fs and 250 fs
time components (previously unreported) corresponded to B—P and H—-B—P
EET, respectively. The time constants of 4.2 ps and 69 ps showed bi-exponential
ET and formation of P*Hy, as indicated by the major band-shift signal (Av,,q; =
270 cm™1) (see Paper IV for details). The two CT times for the quinone-reduced
system were slower than for the previously reported quinone-depleted systems, most
likely because the reaction centre was in a closed state, with a negative charge on
Q.18 Lastly, one of the conclusions of Paper IV was that bi-exponential CT
dynamics originated from two different conformational states of the sample, as
previously suggested in ref. 7.

Identification of charge transfer states

First ideas about the presence of two states under the P band for various bRCs were
introduced in the early 80s.7°%2 In the discussions, one state was always assumed to
be the lower excitonic state of the special pair dimer (P,_), while the origin of the
second state was hotly debated. One possible suggestion was that it is a low-lying
charge-transfer (CT) state, Pcr;’® however, the final consensus was that dual
structure comes from a structural inhomogeneity within the sample.® Just recently,
the question was revisited by Yakovlev and Shuvalov,'* as oscillating signals under
the P band of bRC.« were explained with the possible presence of two separate
states, the excitonic state (P,_) and the CT state (P¢7). Our studies in Papers I1l and
IV provide the first unambiguous time-resolved spectroscopy observations of initial
charge transfer states under the P band in both bRCsyn and bRCety Systems.

A significant number of studies introduced general characteristics of the CT states,
such as large and fast Stoke shifts;*2%12! large permanent dipole moments;®2? and
possible mixing with and altering properties of other molecular transitions.12%12 The
findings in Paper Il and 1V revealed various ways to observe the formation of the
internal CT state using time-resolved spectroscopy. The main results from these
studies are summarised in Fig. 19.

For bRCspn (Fig. 19, (a)), the essential indication of the separate CT state was a
Stokes shift happening only from the lower-energy part of the P band. The SE signal
from the Stokes-shifted state disappeared with the characteristic time of electron
transfer, as apparent from the exact overlap between the SE from the Stokes-shifted
state and the contour lines of the 1.7 ps DAS indicating charge transfer. This led to
the conclusion that the state undergoing the Stokes shift was an initial state to the
charge separation.
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Figure 19. Observations of charge transfer states

(a) The observation of the CT state in the bRCsy, system. The figure combines the t,=180 fs 2D
spectrum (in colours) and 1.7 ps DAS component for ET (thick contour lines). Matching signals indicate
that SE from the Stokes-shifted P, state disappeared with the characteristic lifetime of electron
transfer. (b) The PB CP region from the t,=100 fs 2D spectra of bRC. (Data) and the simulated fit (Fit)
using three Gaussian profiles. The evaluated minor dynamic band-shift signal from the centres of three
Gaussian bands was Avyin=70 cm™. The corresponding 2D spectral regions — the P band for bRCgpn
and PB CP for bRC were also indicated with solid rectangles in t,=200 fs 2D spectra in Fig.18. Figure
adapted from Papers Ill and IV.

For bRC., the presence of the P, state was discovered by the extremely rapid (or
instantaneous) formation of a minor band-shift signal (Fig. 19(b)). After direct
excitation to the P state, the band-shift signal emerged immediately, together with
the Stokes shift of the excited P* state. The size of this minor dynamic band-shift
signal was determined to be Av,,;;, = 70 cm™1. It was concluded that this initial
state forming in the bRC.s immediately after excitation had an asymmetric charge
distribution and a strong resemblance to the P* — two specific properties of CT
states in bRCs.124-1%6 |n addition, similarly to the bRCspn, SE signals from the Stokes-
shifted state disappeared with the characteristic times of electron transfer (see Paper
IV for details). After considering all the findings, it was determined that the state
forming in bRC.« was an internal charge transfer state in the special pair dimer
involving the immediate environment, functioning as an initial precursor state for
ensuing electron transfer.

The initial minor band-shift formation in bRCsn was not detected in our 2DES data.
It could be that removal of the initial 80 fs population times due to the pulse overlap
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effects cut out the responsible signals. In addition, the B band in bRCsph is much
more congested than in bRC. (see Fig. 17), so various signals overlap and obscure
each other. However, based on the structural and optical similarities of the two bRCs
(and all type 11 reaction centres in photosynthetic bacteria), the P.; state should be
a general feature of the bRCs, serving as a precursor to the electron-transfer process.

Energy flow and trapping in the living cells of
Cfx. Aurantiacus

The excitation energy transfer and trapping kinetics were measured in the living
cells of Cfx. Aurantiacus and the findings were presented in Paper V.

The room temperature absorption spectrum of whole cells is presented in Fig. 20,
with a thick black line. Spectral contributions from various photosynthetic units: the
chlorosome aggregate and baseplate, the B808-866 complex!?” and bRCc« are also
presented for illustrative purposes. The shaded curve in the background stands for
the laser spectrum used in our 2DES experiments. The spectrum was tuned, so it
only excited the low-energy part of the chlorosome band. Four representative 2D
spectra at various population times, measured at room temperature with the MA
polarisation sequence, are also shown in the figure. Prominent diagonal peaks in the
early time t,=30 fs 2D spectrum match the main bands of the absorption spectrum.
The spectral changes over the population time indicate EET between the sub-units
(chlorosome— baseplate— B808-866— bRC) and energy trapping in a charge-
separated state (P*Ha) inside the photo-active bRC.

To separate the spectral evolution corresponding to the energy and electron transfer,
the 2D spectrum was divided into three areas along the excitation axis, and the
global analysis procedure was performed for each region separately. Three regions
were the B866 (¥, between 10600-11900 cm™t), the B808 and the baseplate (11900-
12900 cm) and the chlorosome (12900-13300 cm'?), as indicated in Fig. 21. The
DAS for five main time components, obtained from the certain spectral regions, are
also presented in Fig. 21. All DAS were normalised to 1, and the band-shift region
of the 27 ps and 110 ps DAS were additionally multiplied by 5, to make the weak
features visible.
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Figure 20. Room temperature absorption and 2D spectra of Cfx. aurantiacus living cells

Room temperature absorption spectrum of living Cfx. aurantiacus cells (solid black line) overlaid with
the absorption spectra of isolated sub-units. All spectra were measured at room temperature by our
group, except for the B808-866 complex, which was redrawn from 2. The shaded area in the
background presents the laser spectrum used for 2DES experiments. Four representative total
absorptive 2D spectra of Cfx. aurantiacus living cells at room temperature are also shown. Each 2D
spectrum was normalised to t,=30 fs spectrum, as indicated in the lower right corner of the 2D spectra.
Vertical/horizontal lines are set at 11540 cm™ (866 nm), 12370 cm™ (808 nm), and 12580 cm™*

(795 nm). The figure was adapted from Paper V.

The 27 ps and 110 ps time components obtained from the global analysis of the
B866 region corresponded to the excitation energy trapping in a charge-separated
state in photo-active bRC.%° This was clear from the diminishing of the signals from
the B866 band and the rise of the band-shift signal in the reaction centres (see
enhanced regions intwo DAS in Fig. 21). It was concluded that the CT state forming
was P*Hy since further ET to the primary quinone acceptor should take around
200 ps.t It was also suggested that two time constants for energy trapping
originated from two types of B808-866 complexes in the cells. One was more
efficiently coupled to the reaction centres, with ~28 ps time component for trapping,
and the other was better connected to the baseplate.
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Figure 21. Dissection of 2D spectra and the main DAS from the three regions

Division of 2D spectra for the global analysis procedure and five main time components and their DAS.
Characteristic times are presented above the spectra. Each DAS was normalised to one, and the band-
shift regions of 27 ps and 110 ps DAS were additionally multiplied by 5 to make the weak signals
visible. Figure adapted from Paper V.

Analysis from the B808 and the baseplate region indicated a rapid 1.8 ps EET
between the B808—B866 bands.*® The two DAS components from the global
analysis of the chlorosome region correspond to the chlorosome to baseplate energy
transfer in 8 ps!? and baseplate to B808-866 EET in 35 ps?. Finally, the >1 ns DAS
component (not presented), obtained in all three regions, indicated molecular
relaxation to the ground state.

8 ps 32 ps 1.8 ps 28 ps
Chlorosome —>» Baseplate ——————3» B808 -3» B866 :_). bRC
112 ps

Figure 22. EET and ET scheme via the whole photosynthetic unit
Scheme and timescales of downhill excitation energy transfer (EET) and energy trapping inside the
bacterial reaction centres (bRCs). Figure from Paper V.

The findings of Paper V were summarised in an energy transfer and trapping
scheme, as in Fig. 22. A rapid energy transfer in the B808-866 complex fixed the
energy in the B866 band and prevented the backward energy transfer. It was
concluded that the EET bottlenecks in the PSU of Cfx. aurantiacus was between the
baseplate and the core complex, yet also between the core complex and the bRC.
This coincided with the spatial arrangement of photosynthetic complexes inside the
unit, where the largest distances were expected between the baseplate and the B808
ring and also the B866 ring and the special pair in bRC.
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Concluding remarks

The main results of this thesis come from the three experimental sections:
identifying vibronic coupling in Chl-type molecules, characterising excitation
energy and electron transfer steps in two reaction centres (bRCsph and bRCc), and
probing energy transfer and trapping in the PSU of intact living cells of the green
bacteria Chloroflexus aurantiacus. Experiments presented in this thesis also show
the versatility and capabilities of two-dimensional electronic spectroscopy to track
photo-induced processes in various systems, starting with single molecules and
finishing with intact cells of photosynthetic bacteria.

The search for vibronic coupling in the Chl c1 molecule (Paper I) aimed to identify
the spectroscopic signatures of this phenomenon. Beating signals surviving
suppressing polarisation sequence clearly indicated the presence of the vibronic
coupling and provided an understanding of how the coupling potentially changed
the states involved. Hopefully, with these spectroscopic signatures in mind, the
vibronic coupling will be observed in many other Chl-type molecules (Chl a, BChl
a, etc.).

The research on two different bacterial reaction centres (bRCspn and bRCectx, Papers
I1, Il and 1V) provided observations of initial CT states in the special pair dimers.
Excellent temporal and spectral resolutions clearly illustrated the presence of this
state and its involvement in the charge transfer process, yet also raised the question
of its exact origin and the influence exerted by the protein environment of a special
pair.

The room temperature 2DES experiments on living cells of the green bacteria
Chloroflexus aurantiacus gave a close-to-physiology look at photo-induced
processes in the intact PSUs. The study clarified the limiting transfer rates for the
inner EET processes and how the overall high efficiency for energy transfer and
charge separation is assured in these organisms.
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The outlook

I would like to start the outlook of the work presented in this thesis from the very
beginning — its title. Big lessons from small bacteria immediately raises two
guestions: how big the photosynthetic bacteria are, and what can be learned from
them? The answer about the size lies in the first chapter of this thesis. In contrast,
the part about big lessons can cover a broad range of explanations and motivate
studies of photosynthetic bacteria in the first place.

Efficiency and robustness are the two cornerstones of bacterial photosynthesis. If
explored and understood, the knowledge of the exact mechanisms behind the photo-
induced processes and their structure-function relationship to withstand harsh
environments could become an essential part of future inventions. These might
include improvements to using solar energy as a renewable source,'?*3! treatments
and biomass generation in wastewater plants,**>134 genetic modifications to develop
varieties adapted to climate change or increasing crop yield through maximising
photosynthesis,*>1%¢ to mention a few. Therefore, while the title of this work tends
to summarise the immense potential of studying photosynthetic bacteria on its own,
the subtitle concentrates on the key aspects of this thesis — following the primary
steps of bacterial photosynthesis and learning more about its peculiarities using
2DES.

For the future, | hope that the findings and results of this work will encourage
research and observations of precursor states to charge separation in other type Il
(and maybe type I) reaction centres. For this task, performing 2DES with attosecond
pulses could help to catch the formation of the minor band-shift signals. The values
of these minor shifts of accessory co-factors and the known structures of reaction
centres are vital information needed to identify the exact origin of these initial states.
In addition, it would be exciting to see many more 2DES experiments on intact cells
of various photosynthetic bacteria and learn about their energy and electron transfer
peculiarities. Performing these experiments close to the natural conditions for
various bacteria (at higher/lower temperatures, different salinities and pH values)
could help to find the connection between their extreme robustness and highly
efficient photo-activity.
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