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Abstract

The Effect of Triplet States on Non-Photochemical Hole Burning in Cytochrome b6f

and Modified LH2 Complex

Alexandra Trempe

Photosynthesis is an extraordinary process responsible for all life on Earth. In
better understanding how photosynthetic complexes interact with light, we open up
opportunities for advancement in environment research. While at times functionally
and structurally similar, it has been shown that oxygenic photosynthetic complexes and
anoxygenic photosynthetic complexes in purple bacteria possess differences. For example,
oxygenic photosynthetic complexes utilise chlorophyll (Chl) pigment molecules, which
absorb in the red and blue regions of visible light. Purple bacteria host bacteriochlorophyll
(BChl) pigment molecules, absorbing at wavelengths greater than 800 nm. Important
information about the functioning of photosynthetic complexes can be obtained from zero-
phonon lines and phonon sidebands of the pigments. These are observed through spectral
techniques such as non-photochemical hole burning (NPHB), a type of spectral hole burning.
NPHB can be explained using a two-level system, or a double-well potential, which is the
simplest manner to describe the protein/pigment energy landscape.

When describing NPHB, the model normally considers both a singlet ground state
and a singlet excited state of the pigment. In this thesis, we will explore the limitations
of only considering these two electronic state for cytochrome b6f and a modified purple
bacteria light-harvesting complex II (LH2) containing Chls. In particular, we originally set
out to observe the illumination-intensity dependence (as seen in cytochrome b6f) in our
modified LH2 to try validating the presence of local heating of the protein by the laser
beam causing the NPHB. Unfortunately, we were unable to see local heating. This brought
the introduction of a triplet state to explain hole burn depth discrepancies between hole
growth kinetic curves and post-burn hole spectra. Our modelling allowed us to see that
transient holes caused by triplet states contributed to slower burning of persistent holes
with increased intensity, as we had observed. We also examined the case of increased
triplet lifetime expected when both complexes were placed in a deuterated solvent. An
expected triplet lifetime for both complexes in a deuterated solution is around 2 ms, while we
examined triplet lifetimes ranging from 1 ms up to 5 ms. Even with a five-fold increase of the
simulated triplet lifetime, it did not match the experimental difference between protonated
and deuterated samples. Local heating along with triplet states explain the difference.

Finally, we introduce preliminary data relating to pigment participation in the two-level
system. Thermocycling hole recovery results revealed a similar recovery rate for Chls placed
in either B800 BChl pockets or somewhere else in modified LH2. However, in both cases,
the holes recovered more quickly than in the regular, BChl-containing LH2. Given that the
two-level system is usually expected to represent the protein environment, Chls in the same
location as BChls were expected to recover similarly. Instead, Chls in different environments
recovered similarly, leading to the potential assumption that pigments also contribute to
the generalised coordinate of the two-level system.
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Chapter 1

Introduction

Development in environmental research is an ongoing hot topic. More specifically,

better understanding how photosynthetic complexes interact with light can help us

develop better photovoltaic cells and even optimise crop production [Wang et al., 2020].

Photosynthetic complexes themselves can be quite intricate and are categorised into

two distinct groups: those belonging to oxygenic photosynthesis and those belonging to

anoxygenic photosynthesis. In the case of oxygenic photosynthetic complexes, photosystem

II and photosystem I are the photochemical systems responsible for taking in light energy

in the red and blue regions of the visible spectrum through the famous chromophore,

chlorophyll, and converting it as needed to produce oxygen and glucose. Cytochrome b6f

aids in transferring electrons between the two photosystems. Anoxygenic photosynthetic

complexes of purple bacteria are made of a number of light-harvesting complex IIs (LH2) and

a single light-harvesting complex I (LH1) surrounding a bacterial reaction centre. LH2 is the

initial front for absorbing light with a different photosynthetic pigment, bacteriochlorophyll.

There are two types of bacteriochlorophylls in LH2, one which absorbs light at 850 nm

and one which absorbs light at 800 nm. The complex is also made up of two different

types of polypeptides, α and β subunits, with both pigment-protein and pigment-pigment

interactions contributing to the different absorption spectra of the bacteriochlorophylls.

Energy is transferred among consecutive complexes until it is centrally directed to LH1’s

dimer pair of 870-nm-absorbing bacteriochlorophylls. From there, energy is eventually

passed to the bacterial reaction centre.
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A pigment’s spectral data can be better understood through the Franck-Condon

principle. The principle states that the probabilities of vibronic (that is, electronic and

vibrational) transitions are determined by the overlap of the vibrational wavefunctions,

that, in the first approximation, are assumed to be harmonic oscillator wavefunctions.

This description, along with linear coupling and the low-temperature approximation,

allows us to describe chromophore spectral data through zero-phonon lines and a phonon

sideband. Their intensity, width, and position depend on various factors, such as presence

of energy or charge transfer, temperature, and electron-phonon coupling strength. However,

in a macroscopic sample containing many pigments, individual pigment molecules will

experience somewhat different environments and therefore, the individual zero-phonon lines

and phonon sidebands disappear under inhomogeneous broadening. Our interest lies in

finding these hidden zero-phonon lines. Another complexity which may arise is in describing

the pigment in a complicated environment. However, a simple two-level system (also known

as a double-well potential) can be used to describe the energy landscape of such a pigment

in the protein or another amorphous solid environment. It involves a ground- and excited-

state double well configuration where the pigment can move between different wells. This

brings us to the spectral technique, spectral hole burning. As the name implies, a hole is

"burnt" into the absorption spectra of the pigment. This allows us to identify a zero-phonon

hole, the mirror image of a zero-phonon line. The spectral hole burning subcategorical

technique, non-photochemical hole burning, allows us to "change" the original environment

of the pigment. This environmental change is described as the pigment moving from one

well of the excited state to the other through tunnelling, before settling back down into

the second well of the ground state. When using this spectral technique, both hole growth

kinetics (that is, how the hole burns while it burns) and hole recovery experiments are

important in describing the energy landscape and protein dynamics of the pigment.

In this thesis, we will start from the non-photochemical hole burning research of a

solvent deuteration effect noted in cytochrome b6f. That is, we originally noticed an

illumination-intensity dependence of hole growth kinetics in cytochrome b6f which was

stronger in deuterated samples. Originally this was hypothesised to be because of local

heating. Consequently, we designed a modified LH2 from purple bacteria which replaced
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some of their 800-nm-absorbing bacteriochlorophylls with chlorophylls. This was done

because a lot of heat is dissipated during energy transfers between 800- and 850-absorbing

bacteriochlorophylls in the complex. This meant we could use the bacteriochlorophylls as

local heaters and the chlorophylls as local thermometers. So far, we have been unable

to illuminate our sample well enough at 800 nm to see a local heating effect. However,

we discovered that the chlorophylls in our modified LH2 nonetheless behave in the same

manner as in our cytochrome b6f: 1) the intensity dependence was present and was stronger

in deuterated samples, and 2) there was also an observed mismatch between hole growth

kinetic depths and actual hole spectra. Thus, we introduced triplet states into our non-

photochemical hole burning model to explain our observations. We also briefly examined

hole recovery thermocycling experiments in LH2 and how this recovery potentially indicated

that the pigment contributes to the generalised coordinate of a two-level system.

In Chapter 2, we will discuss important structural and spectral details of oxygenic and

anoxygenic purple bacterial photosynthetic complexes. In Chapter 3, we will go over the

finer details of chromophore spectral data and explain spectral hole burning. Chapter 4

will go into depth of the experimental research and results obtained on our modified LH2.

Finally, in Chapter 5, we will end with some brief conclusions and avenues for future work.

1.1 Noteworthy Biochemical Terms

The discussion of photosynthesis requires interdisciplinary knowledge of chemistry and

biology along with physics, as anyone in the biophysics community can relate to. In order

to ensure biochemical jargon is not lost on the reader throughout the thesis, we will briefly

outline some important terms which will appear later. The following terminology and

concepts have been extracted from [Bruice, 2014] unless noted otherwise.

Polypeptides are polymers of amino acids, which are the basic building blocks of a

protein and are made up of carboxylic acid and protonated amino group and linked by

amide bonds. The amino acids found in a peptide chain are called residues. Proteins can

have a wide variety of functions, such as structural proteins which impart strength in a

system, or enzymes which catalyze reactions in a cell. A protein is defined by four levels
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reaction with cooperation with an enzyme [Jones and Fleming, 2010]. When examined

biologically, this cofactor is referred to as a coenzyme. A tightly-bound coenzyme is referred

to as a prosthetic group.

Chromatography refers to a separation technique whereby a mixed solution, referred

to as the "eluent", is dissolved in a solvent. In column chromatography, the components

in the mixture equilibrate between an absorbent, stationary phase and a moving phase

[Jones and Fleming, 2010]. The mobile phase is examined carefully, where each component,

the "eluates", from the original mixture is collected individually as it leaves the vessel.

There exist different chromatographic techniques, such as liquid chromatography and gas

chromatography. Both are viable and are used depending on the nature of the substance.
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Chapter 2

Photosynthetic Complexes

Photosynthesis is an important process whereby organisms, ranging from plants to certain

types of bacteria, convert light energy into chemical energy. The pigment/protein complexes

which allow for photosynthesis, known as photosynthetic complexes (PCs), vary depending

on whether or not oxygen is a byproduct. In this chapter, we will introduce photosystem I

(PS I), photosystem II (PS II), and cytochrome b6f involved with oxygenic photosynthesis.

We will also examine the anoxygenic photosynthetic complexes of purple bacteria, light

harvesting complex I (LH1), light harvesting complex II (LH2), and the bacterial reaction

centre (BRC).

2.1 Oxygenic Photosynthesis

In plants and particular types of bacteria such as cyanobacteria, the photosynthetic

complexes consist of a photosystem II (PS II) and photosystem I (PS I). PS II takes in light

energy before transferring it to a special pair of chlorophylls (Chls) at the reaction centre.

This chromophore gives way to electron transfer rather than energy transfer. Electrons are

then further transferred via quinones and end up reaching cytochrome b6f. Through the

cytochrome b6f, proton transfers happen along with the electron transfers. Electrons are

further transferred to the P700 chlorophyll dimer in PS I. The system is shown in Figure

2.1 and will be detailed in this section.
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Figure 2.1: The oxygenic photosynthetic system with main components, including
photosystem I, cytochrome b6f, and photosystem II (Image modified from U.S. Department
of Energy Genomic Science program as cited in [Sebastien, 2010]).

2.1.1 Chlorophyll (Chl)

Oxygenic photosynthetic complexes contain the pigment molecule chlorophyll (Chl), an

essential component of the complex which absorbs light and enables electron transfer

[Melkozernov and Blankenship, 2006]. Chls are well-suited for absorbing light in the blue

and red spectral region and do not absorb green light, hence why they appear green

to the eye [Scheer, 2006]. Structurally, they are a cyclic tetrapyrrole made of partially

hydrogenated porphyrins with Mg generally being the central metal in the pigment, though

Zn has also been found in some exotic scenarios [Melkozernov and Blankenship, 2006]

[Scheer, 2006]. It is generally referred to as chlorin or phytochlorin [Scheer, 2006]. While

there exist various types of Chls, the most ubiquitous one is Chl a, as shown in Figure 2.2

[Scheer, 2006].

As mentioned above, it is known that Chls absorb light in the red and blue regions

of electromagnetic radiation. The absorbance band in the blue region of the visible
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[Klimov, 2003], whereby the electrons accumulate on terminal quinones in PS II. While

pigments in the antenna complex are absorbing a photon infrequently enough that the

probability of having two excitations occur at the same time is very low, the electrons will

add up over time. When the strongly-coupled dimer becomes excited to form the excited

pair P680*, it loses the electron in order to form the oxidised P680+ [Shen, 2020]. The

P680+ is then reduced by electrons coming from water provided by the oxygen-evolving

cluster in the system.

2.1.3 Cytochrome b6f

Electrons are then transferred via quinones and end up reaching the cytochrome b6f

complex, shown in Figure 2.4. Cytochrome b6f is a protein complex in the thylakoid

membrane. One of its responsibilities is transferring electrons from PS II to PS I,

from plastoquinol to plastocyanin [Baniulis et al., 2008]. However, it also significantly

contributes to the proton gradient which helps with transmembrane-free energy storage

[Hasan et al., 2013]. This in turn allows for the synthesis of ATP 1.

Structurally, cytochrome b6f is a dimer and each monomer is made up of eight subunits

[Baniulis et al., 2008]. The monomeric enzyme also has seven prosthetic groups. Four

of these groups are shared with its mitochondriac partner cytochrome bc1: two b-type

hemes, heme bpm and heme bn on the p- and n-sides of the cytochrome respectively;

a [2Fe-2S] cluster in the Rieske protein 2; and a c-type heme of cytochromes c1 and f

[Baniulis et al., 2008]. Of more interest given their uniqueness to the enzyme, the other

three are Chl a, β carotene, and heme cn [Baniulis et al., 2008]. The role of the Chls in

cytochrome b6f is unknown, as it seems they are not part of the electron transfer chain and

their light-harvesting capabilities are pointless, given the lack of an RC in the cytochrome

complex [Najafi et al., 2015]. A presumed reason is simply that they are an evolutionary

relic of sorts.
1ATP, or adenosine triphosphate, is an organic compound which becomes involved in the Calvin cycle

(the reactions in the organism which result in the formation of oxygen and glucose formation) of plants to
produce glucose.

2A Rieske protein is an iron–sulfur protein part of both cytochrome bc1 and cytochrome b6f.
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Figure 2.4: The structure of cytochrome b6f. The iron clusters and iron found in heme
proteins are in gold, whereas Chl a’s are shown in green.

2.1.4 Photosystem I (PS I)

From cytochrome b6f, electrons are then transferred to PS I. Larger than PS II

[Nelson and Yocum, 2006], it is nonetheless also made up of proteins and Chl molecules.

Like PS II, it contains a special pair of Chls at the centre; however, they are P700 Chls rather

than P680, meaning light is absorbed at 700 nm. The complex allows the light-induced

transfer of electrons from plastoquinol to ferredoxin, where ferredoxin reduces NADP+ into

NADPH [Nelson and Yocum, 2006].

2.2 Anoxygenic Photosynthesis in Purple Bacteria

In purple bacteria, their photosynthetic complexes consist of peripheral antenna complexes

called light-harvesting complex II (LH2), which then transfer energy to light-harvesting

complex I (LH1). LH1 transfers excitation energy to the bacterial reaction centre (BRC) it

surrounds [Robert et al., 2003]. See Figure 2.5.
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whereas in the β subunit, there are three [Alia et al., 2001]. For both α and β, one of the His

residues acts as the ligand to the BChl [Brunisholz and Zuber, 1992] [Bullough et al., 2009].

In addition, in the β polypeptide, there is a second His residue present which also acts as

a BChl-binding site [Bullough et al., 2009].

The α β polypeptides form two concentric, circular oligomers in the antenna complexes,

with the β on the outside and the α on the inside [Berlin et al., 2007].

2.2.3 Light-Harvesting Complex II (LH2)

LH2, as shown in Figure 2.7, is the peripheral antenna complex responsible for taking

in light. It is a ring-like structure consisting of BChls, where each of the eight or nine

α β subunits contain three BChls and one carotenoid, with the BChls and carotenoid

sandwiched between the two α β polypeptides when examined in the membrane plane

[Robert et al., 2003] [Young and Beatty, 2003]. For Rhodoblastus (R.) acidophilus, the

strain we used in our experiments, there are nine α β subunits. Each α β subunit

contains one BChl a which absorbs at 800 nm at room temperature, two BChl a’s

which absorb at 850 nm at room temperature, and one carotenoid [Robert et al., 2003]

[Brunisholz and Zuber, 1992] [Berlin et al., 2007]. When examined in the membrane plane,

the 800 nm-absorbing BChls are centred, though closer to the cytoplasm or N-terminal

of the subunit, whereas 850 nm-absorbing BChls a are closer to the periplasmic (outer)

membrane or C-terminal, noted in Figure 2.7 by the "spaghettini" strands sticking out of

the main polypeptide, of the subunit [Brunisholz and Zuber, 1992].

The BChl a’s which absorb at 800 nm or at 850 nm are designated as B800 and B850

BChls respectively, where the B stands for "bulk BChl" [Brunisholz and Zuber, 1992]. The

reason for their differing absorption is due to their placement and environment. The

B800 BChls are closer to the N-terminal. The BChl is held there partially due to a

formylated methiodine of the N-terminal of the α polypeptide acting as a ligand to the

centre magnesium ion of the BChl [Kühlbrandt, 1995]. For B800 BChl protrusion through

the β polypeptide, it is held there due to an intramolecular, buried ionic pair in the

polypeptide which forms a strong hydrogen bond with the carbonyl group of the BChl a

[Kühlbrandt, 1995]. Given these two factors and the presence of a water molecule, the
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LH2s. The amount of LH2s present in a bacterium can change depending on light and

growing conditions, hence why it is sometimes referred to as the "variable" antenna complex

[Kühlbrandt, 1995] [Cogdell et al., 1997].

2.2.4 Light-Harvesting Complex I (LH1) and Bacterial Reaction Centre

(BRC)

Given that the energy proceeds in a "downhill transition", from 800 nm to 850 nm

in the LH2s, it is eventually transferred to LH1 within several ps [Cogdell et al., 1997]

[Zazubovich and Jankowiak, 2015]. LH1 is considered the core or inner antenna complex

given its inner status in the PC and has a 68 Å inner space to accommodate the BRC

[Kühlbrandt, 1995]. The LH1-to-BRC ratio is not influenced by light or growing conditions

as seen in LH2 and hence, there is only a single LH1 and BRC [Kühlbrandt, 1995]. Similar

to LH2, this complex also contains coaxial rings of α and β polypeptides consisting

of n subunits with two highly-coupled B875 BChl a’s per subunit [Robert et al., 2003]

[Zazubovich and Jankowiak, 2015]. The His acting as the ligands for the B850 BChls in LH2

are similarly present in LH1. However, due to slight differences in the chemical environment,

the BChls are further red-shifted to 875 nm [Law et al., 2004]. Finally, the energy will be

transferred to the BRC after approximately 35 ps [Zazubovich and Jankowiak, 2015].

The BRC is responsible for taking the light energy that has passed through the antenna

complexes and make functional use of it in the Calvin cycle. The BRC is made up of three

polypeptides, named the L, M, and H subunits [Williams and Allen, 2009]. The L and M

subunits make up the core of the protein, whereas the H subunit is more peripheral. In

the middle of the L and M subunits are ten cofactors involved in the transfer of electrons

or energy. The cofactors are the following: two BChl a molecules forming a special dimer

(P), which is similar to what we noted in PS I and PS II; two BChl a monomers (BA and

BB); two bacteriopheophytins a’s (HA and HB); two ubiquinone molecules (QA and QB); a

carotenoid molecule; and an iron atom [Williams and Allen, 2009].
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Chapter 3

Spectral Hole Burning

In this chapter, we will examine the theory behind the technique of spectral hole burning.

First, we will describe the spectral data we are interested in when it comes to chromophores,

specifically the parameters of zero-phonon lines. Next we will explore the simplest manner

of describing a pigment/protein system through the use of a two-level system, or double-

well potential. We will introduce the technique of spectral hole burning, going into detail

of non-photochemical hole burning. Finally, we will explore what non-photochemical hole

burning can teach us about chromophore spectral data through hole growth kinetics and

hole recovery.

3.1 Chromophore Spectral Data

3.1.1 The Franck-Condon Principle

When examining molecular movement, there exist molecular electronic transitions with

accompanying changes in rotational and vibrational states [Gupta, 2016]. Thus, when

examining the sum of molecular energy, there exist three components: electronic, rotational,

and vibrational. In a similar fashion, we assume the wavefunction can be approximately

described by all three motions:

Ψ(r, R) = Ψe(r, R) + Ψr(R) + Ψv(r) (3.1.1)
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where subscripts e, r, and v respectively denote electronic, rotational, and vibrational

motion. The wavefunctions are in terms of r, the electronic coordinates, and R, the nuclear

coordinates. Given the Born-Oppenheimer approximation, which comes from the fact that

the mass of the nucleus is substantially larger than that of the electrons, the electronic

motion is defined at an equilibrium nuclear distance (Re) [Gupta, 2016]. Normally we

assume that rotational motion comes from the nuclei alone; however, rotational motion is

irrelevant in the case of frozen solutions, such as those used in our experiments.

When investigating the optical spectra of a chromophore, simultaneous electronic and

vibrational transitions, referred to as vibronic transitions, give rise to the vibrational

structure of the electronic bands of the system [Gupta, 2016]. The Franck-Condon principle

allows us to describe these vibronic transitions, as well as the intensity of the vibrational

structures [Gupta, 2016].

First, in the principle it is assumed that the potential well follows a parabolic

shape and that the corresponding vibrational wavefunctions are regarded as those

of quantum harmonic oscillators. Second, in similar fashion to that of the Born-

Oppenheimer approximation, since the nuclei are so heavy and thus, nuclear motion

is much slower than electronic motion, the nuclei can be considered stationary

[Austin and Erramilli, 1995] [Gupta, 2016] [Ter-Mikirtychev, 2017]. Transitions are always

vertical given this assumption. In order to determine the probability of finding an electron

at a particular position x, we need only examine the vibrational wavefunction of the state’s

parabola. That is, transitions are most likely when there is a very good overlap of these

wavefunctions in both the ground and excited electronic states. This is shown in Figure

3.1.

3.1.2 Zero-Phonon Lines (ZPLs) and Phonon Sidebands (PSBs)

In addition to the Franck-Condon principle, two other assumptions are introduced when

examining chromophore spectra. First, the so-called low-temperature approximation

is applied whereby electronic transitions only start at the lowest phonon level

[Austin and Erramilli, 1995]. Second, linear coupling is assumed, whereby the harmonic

oscillator potentials for both the ground and excited states are the same (that is, same

21



Figure 3.1: A depiction of the two parabolic functions of the ground and excited state
with vibrational wavefunctions. This figure demonstrates only one wavefunction in the
ground state, but there are many. Transitions can occur when there is a good overlap of
the wavefunctions in the ground and excited state [Pittner et al., 2013].

curvature and frequency), though, of course, they may be shifted differently along the

generalised coordinate [Berlin et al., 2006]. Having similar parabolas for both the ground

and excited states means vibrational frequencies are the same in absorption and in emission.

This principle and these assumptions allow for transitions to be examined, with the overlap

of the vibrational wavefunctions being the main contributor for possible transitions. In

the end, these transitions are transcribed into the chromophore spectral data in terms of

frequency and are referred to as zero-phonon lines (ZPLs) and phonon sidebands (PSBs),

also known as phonon wings (PWs).

The ZPL refers to the electronic transition in the system whereby no change in phonons

is observed (that is, from the lowest vibrational level in the ground state to the lowest

vibrational level in the excited state) [Sapozhnikov, 1978] [Ter-Mikirtychev, 2017]. The

PSB refers to the various electronic transitions accompanied by excitation of phonons

[Sapozhnikov, 1978]. The ZPL is a sharp peak with a width Γhom where its relative intensity
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is defined by the Debye-Waller factor

α =
IZP L

IZP L + IP SB

= e−S(T ) (3.1.2)

where IZP L and IP SB are the integral intensities of ZPL and PSB respectively

[Friedrich, 1995] and S(T ) is the Huang-Rhys factor which describes the coupling strength

between the electrons and phonons in the system [Sapozhnikov, 1978].

3.1.2.1 Factors Influencing the ZPL and Homogeneous Broadening

The widths of the ZPL are determined by the lifetimes of the excited states, meaning

they reveal information about pure dephasing, energy transfer, and charge transfer. This

makes ZPL particularly important in photosynthesis research. However, the intensity,

width, and location of the ZPL are influenced by various other factors. Temperature of

the system is one pertinent factor which affects the intensity and width of the ZPL, as

shown in Figure 3.2 [Sapozhnikov, 1978] [Friedrich, 1995]. With decreasing temperatures

approaching 0 K, the ZPL optimally displays its characteristic sharp and narrow peak.

However, as temperature increases, the ZPL’s peak intensity decreases due to the width

Γhom increasing substantially and differentiation between the ZPL and PSB is impossible

after approximately 50 K [Friedrich, 1995].

Another important factor is the electron-phonon coupling strength, which we saw with

the Huang-Rhys factor in Eq. 3.1.2. If electron-phonon coupling is weak, that is, S <

1, then the ZPL is strong and the PSB is relatively small. If electron-phonon coupling is

strong, that is, S > 1, then the ZPL is minimised and the PSB is relatively more intense

[Sapozhnikov, 1978].

Finally, interactions within the environment of the system can cause shifts of the ZPL

lines. Pure dephasing due to scattering of phonons and, thus, quadric electron-phonon

interactions, can cause line broadening. This is equivalent to saying that, when the shifts

are small (that is, smaller than the ZPL width) and frequent, they will contribute to the

observable ZPL width. However, when the shifts are large, they cause bigger problems.

When examining a macroscopic sample, while it is assumed that identical chromophores
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λ =
d

h̄

√
2mV (3.2.1)

where d is the distance between the well minima in the generalised coordinate, m is the

effective mass of the involved atoms/proteins, and V is the energy potential barrier height

already defined [Najafi et al., 2012] [Zazubovich and Jankowiak, 2015]. This particular

formula corresponds to a rectangular barrier where d is the barrier thickness. Thus, using

this formula for our double-well potentials is an approximation.

The TLS model used in optical spectroscopy has an additional component when

describing chromophore optical data: rather than be a single double-well potential,

an excited state potential is added to the system to create a two-double-well system

[Zazubovich and Jankowiak, 2015]. This means pigments in the ground state have the

opportunity to become excited and go into a higher potential. Likewise, they may also

go back down into the ground state. We will further explore this dynamic in Section 3.3.1.

3.3 Spectral Hole Burning (SHB)

In Section 3.1.2.1, it was stated that inhomogeneous broadening results in ZPLs of similar

chromophores being shifted in a manner that makes one incapable of identifying them

individually. As well, in Section 3.2, it was noted that, while the energy landscape can be

hierarchical in nature and difficult to describe, it is possible to describe them rather simply

with the use of a TLS. Through the use of a technique called spectral hole burning (SHB),

however, it is possible to use this TLS system to find the hidden ZPLs. Crudely describing

it, the technique involves burning a hole in the absorption spectra at a particular resonant

frequency to reveal the ZPL.

This technique can be sub-divided into two different methods: photochemical hole

burning (PHB) and non-photochemical hole burning (NPHB). For PHB, the molecules at a

particular resonant frequency with the laser are photo-transformed. That is, these molecules

are unable to become excited at the resonant frequency given a chemical change unlike those

not at the resonant frequency. Consequently, this means a hole appears in the spectral data

which mirrors the ZPL at that resonant frequency.
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For NPHB, rather than the molecule itself being transformed, the environment is

altered [Zazubovich and Jankowiak, 2015]. This, in turn, alters the ZPL frequency since

molecule-environment interactions are different. Once again, a hole is left in the spectra

with the mirrored ZPL (so called ZPH, or zero-phonon hole) showing up as a hole in the

distribution along with the corresponding mirrored PSB (or phonon-sideband hole, PSBH).

This technique works for all amorphous solids. In our experimental work, NPHB was used

and thus, a detailed explanation of the process will be provided in Section 3.3.1.

3.3.1 Non-Photochemical Hole Burning (NPHB)

As mentioned previously, the environment rather than the molecule is altered in the case of

NPHB. The process can be described rather simply by examining the Figure 3.5. It should

be stressed that NPHB is a low-temperature spectral technique. As mentioned in Section

3.1.2.1, the ZPL has the most pronounced shape at low temperatures, so NPHB should

be conducted at low, liquid-Helium temperatures. And as was mentioned in Section 3.2,

tunnelling is the predominant phenomenon observed at low temperatures, particularly under

10 K, which will be important when describing NPHB [Zazubovich and Jankowiak, 2015].

Therefore, NPHB is normally used at low temperatures.

When we are conducting NPHB experiments, rather than examine a single

pigment/protein system, we are looking at an ensemble of pigments in protein systems.

Due to disorder from these pigment/protein systems, the parameters of the individual

TLS are picked from certain distributions, meaning they are somewhat random. During

these NPHB experiments, if we describe the distributions of the transition rates by the

first approximation alone, then only the V distribution describes the transition rate.

With increasingly better approximations, distributions of asymmetry, distance between the

minima, and even the effective mass of the involved pigments/proteins (assuming we are

dealing with cooperative effects, like several hydrogen bonds rearranging in concert) could

have an effect.

Beginning in the first ground state well, the pigments in the PC are excited into the first

excited well. From there, the pigments may tunnel through the potential energy barrier

(which is much lower than the one in the ground state) in order to pass into the excited
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state is much lower than that in the ground state, allowing for the pigments to cross it with a

higher probability in their excited state lifetimes compared to the probability of tunnelling in

the ground state [Zazubovich and Jankowiak, 2015]. On that note, it is possible to describe

the NPHB yield φ in terms of the tunnelling parameter λ noted in Eq. 3.2.1 through the

following formula

φ(λ) =
Ω0exp(−2λ)

Ω0exp(−2λ) + τ−1
fl

(3.3.1)

where Ω0 is the attempt frequency is on the scale of (1012 Hz), which describes how

often the system attempts to tunnel through the barriers, and τfl is the fluorescence

lifetime without excitation energy transfer (EET) present and without dephasing (where

dephasing is the process in which phonon scattering alters the phase of the excited

electronic state wavefunction without getting the pigment to the electronic ground state)

[Najafi et al., 2015]. Since the pigment stays in the excited state, it still can tunnel through

the excited state barrier.

It is also possible to describe the final post-burn spectrum D(Ω, t) after illumination

at a specific frequency ωB at time t via the NPHB master equation, which is defined as

[Najafi et al., 2012]

D(Ω, t) =
3
2

∫

dωL(Ω − ω)G(ω)
∫

dλf(λ)
∫

dα sin α cos2 αe−P σφ(λ,τfl)L(ωB−ω)t cos2 α

(3.3.2)

where G(ω) is the site distribution function, describing the probability of a specific

chromophore with a ZPL at a laser frequency in the inhomogeneously broadened

distribution; f(λ) is the distribution describing the tunnelling parameter λ from Eq. 3.2.1; α

is the angle between the electric field E of the light and the transition dipole moment vector

µ of the chromophore, representing the random isotropic orientation of the chromophores in

the equation; P is the photon flux; σ is the integral absorption cross-section; φ is the NPHB

yield from Eq. 3.3.1; and L(ω) is the single-site spectrum (normalised to the area = 1 on

the ω scale) which contains information about the ZPL and PSB [Reinot and Small, 2000].
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3.3.3 Hole Recovery

Another interesting experimental procedure involved with NPHB is examining hole recovery,

or how a hole recovers over time. There are two main types of hole recovery experiments.

The first is fixed-temperature recovery whereby the hole is observed over time at a low,

fixed temperature. This means that tunnelling in the ground state TLS is the phenomenon

observed with fixed-temperature recovery. These experiments are lengthy and potentially

costly, however, given that full recovery could take up to a week at 5 K.

The second type is thermocycling, whereby the hole recovers at varying, increasing

temperatures (see Figure 3.8). First the hole spectrum is recorded at the burn temperature

(at 5 K). The temperature is then raised to a higher peak temperature before being lowered

back down to the burn temperature to record a new hole spectrum. This cycle continues

with greater and greater peak temperatures used over time. It should be noted that, at

increased temperatures, tunnelling and barrier hopping both help in the recovery process.

Eventually, at high enough temperatures, barrier hopping dominates. Consequently, in

this technique, we are not examining the distribution of our tunnelling parameter λ in the

ground state, but instead the distribution of our barrier, V . Therefore, by comparing fixed-

temperature hole recovery and thermocycling results, we can make conclusion about "md2",

that is, examine the conformational coordinate, allowing us to make conclusions about the

nature of the protein contributing to the conformational changes/the TLS itself.
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Chapter 4

Experimental Research

In this chapter, we report the experimental research brought on by a paper published

from our research group in part on the solvent deuteration effects on cytochrome

b6f [Levenberg et al., 2017]. First we will explain the motivation brought on by

[Levenberg et al., 2017], specifically the question of whether or not local heating could

explain the deuteration effect noted for the cytochrome b6f sample. Then we will explain the

new complex created in order to test our hypothesis, a modified LH2 containing an arbitrary

amount of Chls. We will briefly explain the methodology involved in creating the modified

LH2, as well as the instruments used and experiments performed. We will then explain the

results we observed, specifically our attempt at detecting illumination-intensity dependence

in our modified LH2 sample, our observation of EET-capable and EET-incapable Chls in our

samples, our use of simulated triplet states to explain discrepancies observed in supposed

hole depths from HGK curves and actual hole depths, and the potential discovery through

thermocycling of pigment participation in the generalised coordinate.

An in-depth paper on our modelling of triplet states has also been published this year

[Trempe et al., 2021].
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4.1 Introduction

4.1.1 Motivation

In a previous paper published by our research group from [Levenberg et al., 2017], one

focus of the work was to determine if solvent choice, particularly the switch from a

protonated to a deuterated solution, could affect SHB results in the cytochrome b6f complex.

It had been previously shown that, in aluminum phthalocyanine tetrasulfonate (ATP)

for example, deuteration of the solvent led to a 50-fold decrease in hole burning yield

[Kim et al., 1996]. Conversely, partial deuteration of NaMgAl(oxalate)3·9H2O/Cr(III)

showed increased efficiency in hole burning [Riesen and Hughes, 2003]. Therefore, the

purpose was to observe differing spectral dynamics of cytochrome b6f in a deuterated solvent

compared to a regular, protonated solvent. In other words, we wanted to see if the light-

triggered dynamics observed in our NPHB experiments were dynamics of the protein or of

the surrounding solvent.

In the end, hole burning and recovery data revealed that the tunnelling parameter

λ did not depend much on the deuteration of the solvent, not as much as changing the

effective mass by 2 would lead to. With increased temperatures, hole burning slowed down

overall. This was expected, with temperature dependence previously noticed in Figure 3.7

[Najafi et al., 2015]. Interestingly, however, an illumination-intensity dependence was seen

predominately in the deuteration-solvent sample. As seen in Figure 4.1, the protonated-

solvent sample has overlapped HGK curves with different illumination intensities; however,

the deuterated sample clearly shows a slowing down of the HGK with increasing illumination

intensity in the same intensity range. While the phenomenon is demonstrated for 5.5 K in

the figure, it was observed at different temperatures as well.

This illumination-intensity dependence was a perplexing observation. Faster burning for

higher intensities would be the expected observation when examining the HGK in terms of

J/cm2 (as done in Figure 4.1) since the same number of photons are delivered in a shorter

amount of time, favouring the likelihood of burning over recovery [Levenberg et al., 2017].

Even after taking into account the obvious effect that higher dose should lead to more hole

burning, intensity increase still seemed to slow down hole burning. Thus, why a slowdown
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several Kelvin with light intensities employed in our experiments [Levenberg et al., 2017].

Thus, it was suggested that it may be the interface heat conductivity (that is, between

the normal/regular/still-protonated protein and the deuterated solvent) rather than bulk

conductivity that may be responsible for the observed intensity effect and its deuteration

dependence. Therefore, with all this in mind, this led us to try and more rigorously verify

if local heating was the reason behind this illumination-intensity dependence observed in

the deuterated sample.

4.1.2 Modified LH2

In order to test the local heating hypothesis, it is necessary to control whether or not

local heating by illumination is present. That way, if we observed HGK of the chlorophyll

when it was being heated and when it was not, we could note if it had the temperature

dependence we expected. As previously discussed in Section 2.2.3, the transition between

B800-B850 BChls in LH2 results in dissipation of a significant amount of heat, equivalent to

approximately 1000 cm−1 per absorbed photon. This means if the sample was illuminated

at 800 nm, energy would transfer between B800 and B850 BChls and result in heat, meaning

we could control the local heating in the sample. Consequently, a so-called modified LH2

(see Figure 4.2) was used whereby an arbitrary amount of B800 BChls in LH2 were replaced

with Chls. This would allow us to observe low-intensity HGK at approximately 670 nm, the

absorption wavelength corresponding to Chls, while either illuminating or not illuminating

the sample at 800 nm, corresponding to the BChls. Simply put, the Chls would act as

thermometers, reacting to the controlled local heating from the BChls.

4.2 Methodology

Dimeric cytochrome b6f obtained from spinach was isolated by Dr. Rafael Picorel,

with an explanation of the sample in [Najafi et al., 2015]; this sample was also used

in [Levenberg et al., 2017]. The samples were solubilised in n-octyl β-D-glucopyranoside

(OGP) detergent, though similar results were seen when samples were solubilised with

dodecyl β-D-maltoside.
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or weakly-bound BChls, the column was washed with 20 mM potassium phosphate and

1% (v/v) TBG10 until the eluant had minimal absorption peaks at 770 nm (<0.01). The

B850-heavy complexes were then exchanged into dodecyl β-D-maltoside (that is, a different

detergent than the 1% TBG10 used previously) by washing the column several times with 20

mM potassium phosphate and then another several times with 20 mM potassium phosphate

and 0.1% (w/v) LM until the eluant had minimal absorption peaks at 770 nm (<0.01). This

ensured that no free-floating or weakly-bonded BChls were left in the mixture. Finally, the

B850-heavy complexes were eluted with 500 mM potassium phosphate and 0.1% (w/v)

LM. Further purification was performed and the best resulting B850-heavy complexes were

collected.

In order to reconstitute the previously occupied B800 sites with Chls, the now B850-

heavy complexes were diluted with 20 mM potassium phosphate and 0.1% (w/v) LM to

obtain a BChl concentration of 9 µM. A certain volume of Chls dissolved in methanol was

added to the mixture to obtain a final concentration of 15 µM. KOH was added to adjust

the pH to 8 and the sample was gently shaken for two hours at room temperature. Finally,

the sample was concentrated and their absorption spectra were recorded. The samples were

again purified from free-floating unattached Chls and BChls by chromatogaphic methods.

See Figure 4.3 for resulting absorption spectra of unmodified and modified LH2 samples

used in our experiments.

Prior to the experiment, the protein solution was mixed with glycerol which aided in

forming a transparent glassy solid at our near-absolute-zero experiments and acted as a

cryoprotectant as well. A D2O-based buffer and special d8-glycerol, where 98% of protons

are exchanged for deuterons, from C/D/N Isotopes were used for the deuterated solvent

samples. Samples spent minimal time at room temperature to limit deuteration of the

proteins themselves. They were placed inside a liquid helium optical cryostat. High-

resolution spectra and HGK curves were measured using fluorescence excitation mode with

a SpectraPhysics/Sirah Matisse-DS frequency-stabilized tunable dye laser (bandwidth of

approximately 0.15 MHz). Fluorescence was detected through the use of a Hamamatsu

photon counting module with a combination of long-pass (AELP700; Omega Filters, VT)

and short-pass (750 nm, ThorLabs) filters.
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as well as the intensity dependence we observed, could be explained in two ways.

The first is by local heating of the protein by several K. It is already known that

the homogeneous ZPL width is strongly influenced by temperature, both due to

coupling between electronic transitions and small-barrier TLSs and/or local vibrations

[Jankowiak et al., 2011] [Najafi et al., 2012] [Najafi et al., 2015]. This leads to a smaller

probability of absorption by the ZPL and slows down the HGK with increasing temperature.

As previously stated in Section 4.1.1, interface heat conductivity rather than bulk

conductivity could potentially be the reason behind seeing an intensity effect in the system.

All the same, clearly we were unable to observe strong local heating effects in our

modified LH2 system upon illumination at 800 nm as shown in Figure 4.6. This leads us

to the second reason we might observe discrepancies between HGK depths and post-burn

spectral hole depths: the presence of triplet states. We shall now go into more detail of this

model.

In Section 3.2, the simplest manner (a TLS) of describing a pigment in a protein

environment was introduced. In the double-well potential model, there exists both a ground

and excited singlet state, each with two wells, shown originally in Figure 3.5 and now in

Figure 4.8 A. This meant that, when performing NPHB at very low temperatures, the

pigment in the first ground state well could become excited into the first excited state well

and tunnel through the barrier potential into the second excited state well, before eventually

losing energy and going down to the second ground state well. Introducing a triplet state

into the model involves a third state the pigment may stay in during NPHB. As shown in

Figure 4.8 B, using the left wells as an example, there is a third state involved for each

well where the pigment may relax to from the excited state and then can further relax

back into the ground state. It is well-known that one source of photodamage in plants

involves Chl triplet states. Excited Chls can transition to a triplet state and, in aerobic

conditions, its energy can then be transferred to molecular oxygen. This leads to a highly

oxidizing singlet oxygen and can lead to photoinhibition, meaning the plant’s capacity for

photosynthesis is reduced [Santabarbara et al., 2007]. In plants, however, photoprotective

features, such as funneling triplet energy to carotenoids, can stop the Chl triplet states

from being transferred to oxygen [Horton and Ruban, 2004]. While a short-lived triplet
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state might not affect our results, if the pigment had the chance to “live” in this triplet

state for a long period of time (where long means longer than the few nanseconds), then it

would not participate in the NPHB. At room temperature, Chls have been observed to have

triplet lifetimes on the order of tens of microseconds [Niedzwiedzki and Blankenship, 2010]

[Kosumi et al., 2018], with increasingly longer lifetimes of up to several milliseconds

at the much colder 5 K [Suisalu et al., 1980] [Krasnovsky, 1982] [Mauring et al., 1987]

[Angerhofer, 1991] [Groot et al., 1995], with potential triplet yields as high as 0.4

[Suisalu et al., 1980]. Broad, shallow, transient holes due to triplet states has been observed

in CP43 [Jankowiak et al., 2000] and CP47 [Neupane et al., 2010] 1 core antenna complexes

of PS II at a very low 5 K temperature upon non-resonant excitation. The BRC of

purple bacteria and RC of PS II have also been observed to have resonant and non-

resonant transient holes, although in the RCs, transient holes were due to charge separation

[Lyle et al., 1993] [Riley et al., 2004]. Therefore, we know that triplet lifetimes increase

with lower temperatures, such as those used in NPHB. As well, in the presence of triplet

states, we need to assume transient holes were present, that is, holes that are present, but

are only present while the sample is illuminated. The transient hole would imply that

molecules were in that triplet state and they were unavailable to contribute to absorption

and to persistent hole. Therefore, there would be a slowdown of the hole burning since the

pigment is clearly unavailable to partake in the process, which would lead to saturation

broadening of the ZPL. This matches up quite well with the results we observed for our

modified LH2 and cytochrome b6f: our HGK indicated a much smaller hole (slowdown)

than our post-burn hole showed.

Most papers which detailed the effects of triplet states on SHB focused on spectral diffu-

sion, without fully explaining the discrepancies we had observed [Vries and Wiersma, 1980]

[Müller et al., 1998]. For example, while [Müller et al., 1998] did model some HGK, as well

as provide easy-to-use expressions for ZPL broadening profiles and SDF modified due to

transient holes, some variables were overlooked. For example, it seems they ignored a key

point that, within the first triplet lifetime of hole burning, dynamic equilibrium is set for

the populations of the three states, and that resonant absorption is reduced before the

1Both CP43 and CP47 are transmembrane proteins found in PS II.
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and PSB [Reinot and Small, 2000]. This means if the ZPL were saturation-broadened

because of the triplet state, the SSS shape would obviously change.

2. α which is the angle between the electric field of the light and the transition dipole

moment vector of the chromophore. Here, the distribution of α explicitly spelled

out in the NPHB master equation represents the random isotropic orientation of

the chromophores. Previously, the effects of this distribution were found via an

approximation formula. In the case where triplet states are present, if E and

transition dipole µ are parallel, the ZPL is maximally saturation broadened. If they

are perpendicular, it is not. Consequently, we had to consider the dependence of

saturation broadening on α, and, given the failure of the approximate formula, we did

real numerical integration over α.

3. G(ω) is the site distribution function (SDF). This was modified depending on the α

chosen given that, depending on E, µ, and P , the SDF would be correspondingly

modified by a transient hole emerging in the first few milliseconds of burning.

4. Finally, for φ, which is the NPHB yield, that is, the probibility of NPHB, we end up

with the following equation:

φ(λ) =
Ω0exp(−2λ)

Ω0exp(−2λ) + kics + τ−1
fl

(4.3.2)

where kics is the intersystem crossing rate. In the original NPHB yield equation, Eq.

3.3.1, this term was absent. However, now that we have a triplet state, the pigment

has the opportunity to go to this state and an intersystem crossing rate factor needs

to be noted, as seen in Figure 4.8.

With this short explanation, we can now briefly summarise the equations from

[Vries and Wiersma, 1980] [Müller et al., 1998] and further expand on them, which allowed

us to complete our modelling.

First, after applying the rotating wave approximation, [Vries and Wiersma, 1980]

provides the set of equations of motion for the relevant density matrix elements
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ρ̇11 = k21ρ22 + k31ρ33 +
1
2

iχ(ρ21 − ρ12) (4.3.3)

ρ̇22 = −k21ρ22 − k23ρ22 +
1
2

iχ(ρ12 − ρ21) (4.3.4)

˙ρ12 = (i∆ −
1
T2

)ρ12 +
1
2

iχ(ρ22 − ρ11) (4.3.5)

˙ρ12 = k23ρ22 − k31ρ33 (4.3.6)

ρ11 + ρ22 + ρ33 = 1 (4.3.7)

Subscript 1 refers to the singlet ground state (blue state in Figure 4.8), subscript 2 refers

to the singlet excited state (red state in Figure 4.8), and subscript 3 refers to the triplet

state (purple state in Figure 4.8). χ = µEcos(α)/ h̄. T2 determines the homogeneous line

width Γhom, where the line width affects the peak absorption cross-section ǫ0; it is affected

by 2 → 1 processes and by pure dephasing. ∆ = ωB − ω is detuning with respect to the

ωB, the burn frequency, which is resonant with the 1 → 2 transitions. k23 = kics is the

intersystem crossing rate, k21 = keg = τ1
−1 and k31 = τtriplet

−1.

From Eq. 4.3.3 to Eq. 4.3.7, the steady-state population difference between

the ground singlet state and the excited singlet state are defined as (Eq. 18 from

[Vries and Wiersma, 1980])

ρ11 − ρ22 =
∆2 + 1

T 2

∆2 + 1
T 2 + K2

(4.3.8)

where K2 = χ2(2+A)
2T2(k21+k23) and A = k23

k31
= kicsτtriplet. It is important to note that K2 is

proportional to E2, that is, proportional to photon flux P and to cos2α. As well, Eq. 4.3.8

describes one minus a flux-dependent Lorentzian. This is the function which is multiplied

by the pre-burn SDF (or G(ω) in Eq. 4.3.1) to obtain the SDF containing the transient

hole.

Without illumination for any ∆, ρ11 − ρ22 = 1, ρ11 = 1, ρ22 = 0, and ρ33 = 0. With

zero detuning (∆ = 0) at ωB and with very large photon flux, ρ11 − ρ22 → 0.

The fraction of the SDF which remains at ωB after the transient hole is formed (Eq.

4.3.8 with zero detuning) gives
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1
T2

2

1
T2

2
+ K2

=
1

1 + K2T 2
=

1

1 + P cos2 α
Ps

(4.3.9)

where Ps is the saturation photon flux, a quantity more compatible with our master equation

Eq. 3.3.2 and Eq. 4.3.1 and deviating from [Müller et al., 1998] as it now contains explicit

angular dependence. The saturation photon flux is defined by

Ps =
k31(k21 + k23)
(2k31 + k23)ǫ0

≈
k31(k21 + k23)

k23ǫ0
=

1
τtripletθǫ0

(4.3.10)

where, as long as the triplet lifetime is much longer (that is, milliseconds-long) than the

singlet excited state lifetime (in nanoseconds), then we can assume k31 << k23. We define

θ = kics

(keg+kics) = k23

(k21+k23) as the intersystem crossing yield. ǫ0 is the peak absorption cross-

section of the unsaturated ZPL defined as ǫ0 = σL(ωZP L). It should be noted that the

full single-site spectrum (SSS) (which contains the non-broadened ZPL, PSB, and intra-

molecular vibrations) was used to obtain ǫ0 from the integral cross-section σ (which is

determined in the absence of saturation).

If the remaining SDF at ωB is defined by Eq. 4.3.9, then the fractional depth of the

transient hole in the SDf is defined as

∆G(ωB)
G(ωB, P = 0)

= 1 −
1

(1 + P cos2 α
Ps

)
=

(P cos2 α
Ps

)

(1 + P cos2 α
Ps

)
(4.3.11)

For low flux P or perpendicular E and µ, this fractional depth → 0. For large flux P

and parallel E and µ, this quantity → 1. In [Müller et al., 1998], the saturation-broadened

Lorentzian ZPL was written as

L(∆, a, P ) =
ǫ0Γhom

2

∆2 + (1 + P cos2 α
Ps

)Γhom
2

(4.3.12)

however, without the angular dependence. In the case of zero phonon flux (that is, P = 0),

the peak of this line is normalised to ǫ0 = σL(ωZP L). From Eq. 4.3.12, it’s seen that the

saturation-broadened, single-molecule ZPL has a width of Γhom =
√

1 + P cos2 α
Ps

and the

peak is reduced by a factor of 1 + P cos2 α
Ps

.

In order for us to obtain accurate simulations, the α distribution was not approximated,
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as was done in [Reinot and Small, 2000] and previously mentioned, but instead, specific

values were used. With a step of five degrees between 0 and 90 degrees, first, a purely

transient hole in the SDF was considered. This was the result of the dynamic equilibrium

established within a several-millisecond-long τtriplet, which is much a smaller time interval

than one datapoint of our experimentally-measured HGK curves (where the duration ranges

from 50 to 500 ms). The small amount of persistent hole burning which occurs in the first

τtriplet of illumination was ignored. This transient hole was used to pre-modify the G(ω)

used for subsequent persistent holes. This meant we accounted for the chromophores which

were unavailable to contribute to the NPHB as they were in the triplet state for resonant

excitation. We also assumed the transient hole in the SDF was purely Lorentzian. This

could be assumed based on the fact that, for narrow ZPL where there is no EET or charge

separation on the single-ps timescale as well as small-to-moderate electron-phonon coupling,

the peak absorption cross-section for the PSB is two orders of magnitude smaller than for

the ZPL. Illumination of the PSB is unlikely to cause saturation effects. Simply put, there

is no transient pseudo-PSBH for a narrow, transient ZPH.

For modelling of our HGK curves, for every α we used two different SSS where one had

the saturation-broadened ZPL and the other had a non-broadened ZPL. Broadened-ZPL

SSS with a reduced peak absorption cross-section was used in the exponential term of Eq.

3.3.2 and Eq. 4.3.1, the NPHB master equation. The modified SDF was convoluted with

non-broadened SSS in order to get a spectral hole shape assuming a weak (non-saturating)

probe beam was used. This corresponds to the situation shown in Figure 4.7 in B and

D, as well as in [Müller et al., 1998], where the post-burn hole spectra were measured with

low power after the hole was burnt. The SDF which were modified by both transient and

persistent holes were convoluted with SSS containing the saturation-broadened ZPL in order

to obtain the hole shape during HGK measurements. In essence, Eq. 3.3.2 and Eq. 4.3.1

were transformed into

D(Ω, t) =
∫

dω

∫

dλf(λ)
∫

dαL′(Ω − ω, α, P )G(ω)[ρ11 − ρ22](ωB − ω, α, P )

3
2

sin α cos2 αe−P σφ(λ)LB(ωB−ω,α,P )t cos2 α (4.3.13)
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where [ρ11 − ρ22](ωb − ω, α, P ), the SDF modification by transient hole, is described in

Eq. 4.3.8; LB(ωb − ω, α, P ) is the SSS which contains the broadened ZPL, PSB, and intra-

molecular vibrations; and L′(Ω − ω, α, P ) is the SSS with broadened ZPL for HGK or

non-broadened ZPL for spectral holes measured with weak probe beams. The integral of

LB(ωb − ω, α, P ) was no longer normalised to one, which can be reasoned to be because of

a reduction of the integral absorption cross-section when saturated. We also remind you

that the NHPB yield is now defined by Eq. 4.3.2, which contains a kics term.

Producing one set of HGK curves and post-burn hole spectra took several hours on an

i7 computer with 32 GB of RAM. Figure 4.9 shows the results of these simulations. First,

holes were modelled with the modified NPHB master equation Eq. 4.3.13 at three different,

increasing intensities: 19 µW/cm2, 90 µW/cm2, and 270 µW/cm2. The intersystem crossing

yield was θ = 0.2 and the triplet lifetime was τtriplet = 2.0ms.

For any dose, the depth of the purely transient component of the hole in the SDF is

roughly the same percentage of the remaining SDF at ωB, with this percentage increasing

with intensity. The absolute magnitude of the purely transient part decreases with dose as

there is less and less SDF remaining at ωB. In order to obtain the purely-persistent-hole

curve, which reflects the evolution of the observable persistent holes, the purely persistent

component of the hole in the SDF is convoluted with the SSS containing narrow, non-

saturated ZPL. And to obtain the transient-and-persistent curve in Figure 4.9, the hole

in the SDF is convoluted with the SSS containing saturation-broadened ZPL with reduced

peak intensity. Consequently, the blue and black curves in Figure 4.9 in B and C may

eventually intersect. Since in actual experiments knowledge of the presence and depth of a

transient hole is absent, this persistent-and-transient black curve was normalized to start

at 0 depth as in experimental Figure 4.9 A to C and presented in red. At low intensities,

such as in A at an intensity of 19 µW/cm2, transient holes, and therefore the presence of a

triple state, did not influence the hole growth significantly. However, as intensities increase,

the hole burning clearly slows down with that transient component, as shown through the

red curves and blue curves in B and C. And, in fact, this matches up quite well with the

4-6% difference we saw between HGK curves and post-burn holes in Figure 4.7 where an

intensity of 70-90 µW/cm2 was used experimentally. We were able to simulate very similar
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results with an intensity of 90 µW/cm2, a triplet lifetime of τtriplet = 2.0 ms, triplet yield of

θ = 0.2, and an integral absorption cross-section of 4.3 × 10−13 cm2 cm-1 as presented in B.

At increasingly higher intensities as in C at 270 µW/cm2, the hole continues to grow even

more slowly. It should be noted that the transient holes only showed a small depth (the

black curves in A to C) due to the α-distribution. In fact, the fractional depths of transient

holes when the electric field and the transition dipole were parallel were much larger. In

Figure 4.9 D, the accumulated red curves from A to C were placed together to show the

intensity dependence of HGK.

The following parameters were assumed in order to obtain the curves in Figure

4.9: Γhom = 0.0256cm-1, τ1 = 3.125ns, the electron-phonon coupling S = 0.72

(along with other electron-phonon coupling parameters of OGP-solubilised cytochrome b6f

[Najafi et al., 2015] [Levenberg et al., 2017] [Shafiei et al., 2019]), and the distribution of

the tunnelling parameter λ was uniform between 7.8 and 13.1 with Ω0 = 7.6 × 1012s−1.

Changing the τ1 allowed us to keep the effective singlet excited state lifetime (which is

now affected by keg and kics) at 2.5 ns [Levenberg et al., 2017] [Shafiei et al., 2019] with

θ = 0.2 and therefore, to keep the NPHB yields the same for λ values used previous papers

published by our research group.

Before moving on, it should be noted that the integral absorption cross-section we

mentioned above, presented in Eq. 4.3.13, was an assumed value. We will briefly explain

here how it was estimated.

First, we used the room temperature spectrum of Chl a in diethyl ether (with molar

extinction coefficient of 85 000 M cm-1 at the peak of the Qy band measured in solution

using a spectrometer with a non-polarised beam, and corresponding peak absorption cross-

section of 3.5 × 10−16 cm2) [Du et al., 1998]. The peak absorption cross-section measured

when the electric field E and transition dipole µ are parallel is larger at 1.05 × 10−15 cm2.

The full-width at half-maximum (FWHM) of the Chl a band was found to be 390 cm-1 at

room temperature. However, the FWHM is affected by homogeneous and inhomogeneous

broadening and by 120 K, the Qy absorption of Chl a in the organic solvent narrows

to about 290 cm-1 mostly due to inhomogeneous broadening [Rätsep et al., 2009]. If we

assume that, at room temperature, both the homogeneously-broadened line and the SDF
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are Gaussian, and we also assume that the inhomgeneous line FWHM is about 280 cm-1,

then the room temperature homogeneous line FWHM should be about 270 cm cm-1 and

the integral absorption cross-section σ should be about 4.3 ± 0.3 × 10−13 cm2 cm-1. If we

convolute two very-similarly-wide Gaussians, this produces a Gaussian with an increased

width of about
√

2 and a decreased peak by about
√

2. The peak of the homogeneously-

broadened line convoluted with the SDF normalised to one must be
√

2 higher than the

peak of the resulting absorption band. Finally, the area under a Gaussian with a FWHM

of 270 cm-1 and a peak amplitude of one gives 290.

Now we will examine how triplet lifetimes were simulated in a deuterated environment.

Triplet lifetimes depend on solvent. Previous research showed that, when placed in

deuterated ethanol, triplet lifetimes for Chl a can increase by around 25% compared

to regular ethanol [Mauring et al., 1987] [Angerhofer, 1991]. The triplet lifetime of

sulphonated aluminum phthalocyanine in a deuterated aqueous solvent can increase by

a factor of nearly three [Beeby et al., 1992]. It was assumed that deuteration would result

in a decrease of the Ps = (τtriplet)−1

θǫ0
, mostly due to the increase of the triplet lifetime.

As shown in Figure 4.10, we ran the simulations at 19 µW/cm2 with varying triplet

lifetimes of 1 ms to 5 ms for cytochrome b6f in A, and at 90 µW/cm2 for those same varying

triplet lifetimes for modified LH2 in B. That means simulations were run with the largest

intensity for which we have data on cytochrome b6f and modified LH2 in both protonated

and deuterated environments. Sometimes higher-intensity data was available only from one

sample or another, but not both. In A for cytochrome b6f, we clearly see a slowdown of

the HGK with these longer triplet lifetimes. However, when compared to the cytochrome

b6f experimental results in the insert, the difference between 1.0 ms and the 5.0 ms curves

(so a factor of five difference in the triplet lifetime) is still smaller than the difference we

saw experimentally. In B, the intensity simulated for modified LH2 was somewhat above

what we used experimentally (69.5 µW/cm2). As well, before renormalising, about a 3%

fractional hole depth of the transient hole was observed for a triplet lifetime of 1.0 ms

and about a 10% increase for τtriplet = 5.0 ms. As can be noted with the insert, again,

the five-fold increase in the triplet lifetime only begins to match the deuteration effect we

noticed experimentally for modified LH2. Consequently, while we can certainly say triplet
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[Kosumi et al., 2018]. The lifetimes also depend on, for example, the solvent used, the

Mg coordination number (that is, how many atoms/molecules are bound to that central

Mg atom in the Chl a molecule), the presence of triplet quenchers in the solution, as well as

other factors. As we had mentioned previously, Chl triplet lifetimes increase with decreased

temperatures, with several milliseconds reported at 5 K and triplet yields as high as 0.4.

In core complexes [Zabelin et al., 2016] and reaction centres of PS II [Neverov et al., 2015],

triplet lifetimes of 1.5-1.6 ms were reported. As for the CP47 antenna complex at cryogenic

temperatures, bi-exponential kinetics with lifetimes of 0.6 and 2.0 ms with triplet yields

of 0.16 were reported [Groot et al., 1995]. Consequently, our assumption that the average

triplet lifetime was 2.0 ms and the intersystem crossing yield θ = 0.2 should be reasonably

accurate. In our simulations, we did not attempt to perfectly fit our curves to experimental

data by manipulating different triplet parameters. Nonetheless, we feel confident enough

to say that our ǫ0 (peak absorption cross-section of the unsaturated ZPL), τtriplet, and θ

(intersystem cross yield) are correct within a factor of two. We should note that our ZPLs

at 5 K are narrower than 1 GHz for the lowest energy states of the antenna proteins (as

well as for cytochrome b6f or Chl a not transferring energy to BChl a in modified LH2

in our case), though inhomogeneous Qy bandwidths of Chl a are on the order of several

thousand GHz. As shown in Figure 4.9 B, approximately 7% transient holes are expected for

resonant excitation with around 100 µW/cm2. Non-resonant excitation with an intensity

three orders of magnitude higher (that is, around 100 mW/cm2) would result in broad,

non-resonant, transient holes with depths of around 1%. For cytochrome b6f, we verified

that with illumination at 445 nm with about 500 mW/cm2 at 77 K would result in about a

2% transient bleach of the Chl a Qy band. Consequently, observations of deeper transient

bleaches in the antenna proteins due to "triplet bottleneck" effects [Jankowiak et al., 2000]

[Neupane et al., 2010] most likely require longer than average triplet lifetimes and/or higher

triplet yields.

As shown in Figure 4.9 D, when our hole burning model incorporates Chl triplet states

with a lifetime in the millisecond range, there is a very clear and significant intensity

dependence of the HGK. As well, as shown in Figure 4.9 B and C, there are obvious

discrepancies between the hole depths obtained from HGK (red curve) and those observed
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after higher-intensity burning by tuning a weaker probe beam (blue curve). This is

important to keep in mind when fitting HGK data to obtain the distribution of the

tunnelling parameter in the excited state. This is also particularly important when using

high-intensity HGK while ignoring triplet-related effects as this means you are trying to fit

the experimental data to the blue-type curve in Figure 4.9 A to C when it should, in fact,

be fitted to the red-type curve. This misinterpreted fit would lead to an overestimation of

the mean and width of our λ distribution. For example, let us assume that the experimental

data was represented by the red HGK curve for 90 µW/cm2 in Figure 4.9 B. Normally, the

uncertainties of the parameters of the λ distribution obtained from the fits to experimental

data are less than 0.1. We could easily fit the curve without triplets and using a uniform λ

distribution with λmin = 8.3 and λmax = 13.8. However, with triplets present, the values

are λmin = 7.8 and λmax = 13.1, and therefore, significantly smaller than without triplets

present. To put this into perspective, this is equivalent to reducing the average NPHB

yield by a factor of around 3.3. Of course, as stated already, the singlet excited lifetime

of 2.5 ns was used when there was no triplet to keep the same NPHB yield for the same

tunnelling parameter. All that to say, invoking triplet states allows for a smaller λ to be

used to fit the same experimental data and, as stated in a previous paper from our research

group [Najafi et al., 2015], using a smaller λ allows us to get better quantitative agreement

between simulations and experiments, including HGK, fixed-temperature recovery, and

thermocycling. See Table 4.1 for the different parameters used for Figure 4.9 B.

As already noted, solvent deuteration can increase the triplet lifetime of Chl a to a

degree (by 25% for deuterated ethanol). Sulphonated aluminum phtalocyanine placed in

a deuterated acqueous solvent, in a more extreme case, saw an increased triplet lifetime

from 0.6 ms to 1.6 ms, with a triplet yield increasing from 0.40 to 0.52 [Beeby et al., 1992]

(which corresponds to a decrease of the saturation flux Ps by a factor of 3.5). Nonetheless,

the changes in our simulated curves related to a decreasing of Ps by a factor of 5 still

is not large enough to match what we observed in cytochrome b6f and our modified

LH2, seen in Figure 4.10. In [Mauring et al., 1987] and [Beeby et al., 1992], both the Chl

a and sulphonated aluminum phtalocyanine were in direct contact with the deuterated

solvent. Exposure to the water/glycerol mixture can cause effects in Chl a in solution
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Parameter No Triplet With Triplet where
τtriplet = 2ms, θ = 0.2

Non-saturated SSS shape Γhom = 0.0256cm1,
Sel−ph = 0.72, see
[Levenberg et al., 2017]

non-saturated Γhom =
0.0256cm1, Sel−ph = 0.72,
see [Levenberg et al., 2017]

τeg 2.5 ns 3.125 ns
φ(λ = 10, Ω0 = 7.6 ×
1012s−1)

3.92 × 10−5 3.92 × 10−5

λ-distribution Uniform, 8.3 to 13.8 Uniform, 7.8 to 13.1
Average φ 4.8 × 10−6 1.6 × 10−5

Table 4.1: A summary of the modelling parameters employed for Figure 4.9 B with an
intensity of 90 mW/cm2.

that we did not observe, such as aggregation, strong fluorescence quenching, and very

poor persistent hole burning, even when Chls appear monomeric and emit at around 680

nm [Levenberg et al., 2017]. When HGK used low enough burn intensities (less than 10

µW/cm2), hole recovery dynamics did not show a deuteration effect, which was indicative

that the masses of entities involved in tunnelling did not change by more than several

percent [Levenberg et al., 2017]. Fluorescence Line Narrowing 2 difference spectra revealed

that there was slow energy transfer between two Chl a molecules in cytochrome b6f dimer

showing that the cytochrome b6f was intact and the Chls were not floating in the solvent

[Najafi et al., 2015]. In short, triplet states cannot fully explain the strong deuteration

effect we saw in our experiments. Thus, local heating is likely still a contributing factor

[Levenberg et al., 2017].

Finally, we note that the assumption that transient holes do not contain pseudo-

PSBH contributions may not be valid when the ZPLs are broad, when ZPL and PSB

peak absorption cross-sections are comparable, and when very high excitation intensities

(hundreds of mW/cm2) are used. For practical purposes, our software is capable of including

the full single-site spectrum in transient hole simulations instead of a Lorentzian.

2Fluorescence line narrowing is a site-selective spectral technique which uncovers the optical spectra of
hidden molecules in an amorphous solid [Fidy et al., 1998].
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Chapter 5

Conclusions and Future Work

Several attempts were made to illuminate B800 BChls in modified LH2 placed in a

deuterated solvent in order to show that local heating was the reason for a slowdown in HGK

curves in cytochrome b6f. While we were unable to show this relation, this nonetheless led

to another observation: that of discrepancies between expected HGK hole depths and actual

hole depths, both in protonated and deuterated samples of modified LH2 and cytochrome

b6f. Through modelling, we were able to show that transient holes from triplet states would

lead to slower HGK curves with increased intensities. We also showed that increased triplet

lifetimes, which would somewhat increase in deuterated solutions, could partially explain

the deuteration effect, but it is not the whole story. That is, likely local heating along

with triplet states are contributing to the deuteration effect. We also noticed that, when

examining thermocycling data of our modified LH2, hole recovery was similar for both

EET-capable and EET-incapable Chls, but different for BChls. These considerations have

led us to believe that perhaps the pigment itself contributes to the generalised coordinate

of a two-level system.

It would be necessary to re-attempt our illumination-intensity experiments with a

stronger light source given the possibility that a filtered white lamp was not strong enough to

provide enough energy per unit time to be dissipated in B800-B850 transitions. To this end,

we have already purchased a 1 W LED, with an emission spectrum matching the shape of

the B800 band. If 800 nm illumination did affect HGK in deuterated-solvent LH2 samples,

it would also be necessary to perform illumination-intensity dependence experiments of
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modified LH2 in a protonated solvent to see if we notice any effects. Furthermore, we could

also try exploring these effects in some other complexes, such as CP43, which has relatively

deep, non-resonant triplet bottleneck holes.

Given the current construction of a closed-cycle cryostat underway in the lab, it would

also be possible to attempt fixed-temperature, week-long, complete-recovery experiments.

Normally experiments were only performed for one day given the shortcomings of liquid

helium used in the equipment: helium is expensive, refilling the cryostat with liquid Helium

results in shaking of the cryostat, and baseline drift occur as all parts hang from the top of

liquid helium cryostat. However, with this new cryostat, week-long fixed-temperature hole

recovery experiments would be feasible.

As also noted, thermocycling experimentation on parts of modified LH2 are still in

their infancy. That is, while we have some potential conclusions on the subject matter,

more experiments are necessary to see if and how much the pigment could be affecting

the generalised coordinate. Results of thermocycling experiments will be compared with

those of fixed temperature recovery, in order to determine the md2 parameter and gain

information on entities involved in tunneling/NPHB in LH2.
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