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Photosynthesis — the conversion of sunlight to chemical energy — is fundamen-
tal for supporting life on our planet. Despite its importance, the physical prin-
ciples that underpin the primary steps of photosynthesis, from photon absorption
to electronic charge separation, remain to be understood in full. Electronic coher-
ence within tightly-packed light-harvesting (LH) units or within individual reaction
centers (RCs) has been recognized as an important ingredient for a complete under-
standing of the excitation energy transfer (EET) dynamics. However, the electronic
coherence across units — RC and LH or LH and LH — has been consistently neglected
as it does not play a significant role during these relatively slow transfer processes.
Here, we turn our attention to the absorption process, which, as we will show, has
a much shorter built-in timescale. We demonstrate that the — often overlooked —

spatially extended but short-lived excitonic delocalization plays a relevant role in



general photosynthetic systems. Most strikingly, we find that absorption intensity
is, quite generally, redistributed from LH units to the RC, increasing the number
of excitations which can effect charge separation without further transfer steps. A
biomemetic nano-system is proposed which is predicted to funnel excitation to the
RC-analogue, and hence is the first step towards exploiting these new design prin-

ciples for efficient artificial light-harvesting.
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Chapter 1: Introduction

1.1 Absorption in Light-Harvesting Complexes

The main task of this thesis will be to describe changes in absorption, and
the subsequent transfer events, upon coupling between light-harvesting units, as
summarized in Figure 1.1. The natural and artificial light-harvesting complexes we
will consider are composed of light-absorbing pigments which interact to collectively
facilitate absorption and transfer of excitation. Light-harvesting (LH) complexes
are most often organized hierarchically into (1) a large antenna structure, the main
purpose of which is to harvest light, and (2) a smaller reaction center (RC), where
chemical reactions take place that turn excitation energy into usable chemical energy.
The combined system funnels excitation into the RC, either through transfer events
or through direct absorption of the RC pigments. We will show that collective effects
in the combined system are constructed in such a way that the direct absorption
of the RC pigments in the combined system is greater than in the isolated RC.
The coherent effects arising from the weak coupling between light-harvesting units
at short times are destroyed by interactions with their warm, wet environment,
leading to incoherent (classical) transfer at later times. However, these short-lived

coherent signatures are witnessed by the absorption spectrum, which has a faster



built-in timescale than both decoherence and transfer.

B

Figure 1.1: (A) Light-harvesting pigments are organized in a large antenna structure,
the main purpose of which is to harvest light, and a smaller reaction center (RC),
where chemical reactions take place that turn excitation energy into usable chemical
energy. The function of the combined system (B) is to funnel excitation into the
RC, either through transfer events or through direct absorption of the RC pigments.
We will show that collective effects in the combined system are constructed in such
a way that the direct absorption of the RC pigments in the combined system (B) is
greater.

Our work occurs within the context of a wide-spread re-consideration of bi-
ological processes within the formalism of quantum mechanics, so-called quantum
biology [1,2]. In the next section we argue why such a consideration is useful, or
perhaps even necessary, and illustrate some biological phenomena which are thought

to exhibit quantum signatures. Within quantum biology, quantum mechanics has



found its best application in a description of the primary processes of photosynthe-
sis, the biochemistry of which is summarized in Chapter 2. The requisite quantum
mechanical formalism is introduced in Chapter 3. In Chapter 4 we demonstrate
theoretically that the excitonic delocalization across several LH units leads to un-
ambiguous signatures in the optical response, specifically, linear absorption spectra.
We demonstrate that this optical response could be used as a diagnostic tool to
determine the coherent coupling between iso-energetic light-harvesting structures.
The knowledge of these couplings would then provide further insight into the dynam-
ical properties of transfer, such as facilitating the accurate determination of Forster
rates. We also demonstrate, in Chapter 5, that delocalization across the RC and
its LH complex redistributes direct absorption towards the charge separation unit,
thereby increasing the photosynthetic efficiency. Using the complete core complex
of Rhodospirillum rubrum, we verify experimentally a 90 % increase in the direct
optical absorption of the RC in situ as compared to isolated RCs. Calculations
reveal that similar enhancements can be expected for a wide variety of photosyn-
thetic units in both plant and bacterial systems, suggesting that this mechanism
is conserved across species. Our studies illuminate clear new design principles for
light-harvesting nanostructures, which we explore theoretically in Chapter 6 through
a proposed biomemetic light-harvester— specifically, a 2-dimensional array of metal
nanoparticles anchored to a DNA-origami scaffold— which is predicted to exhibit a
60 % enhancement of the direct absorption of the spectrally-distinct resonance of

the RC-analogue.



1.2 Quantum Biology

The current interest in quantum effects in biology was precipitated by recent
experiments which observed long-lasting oscillations in time-resolved spectroscopy
of photosynthetic light-harvesting complexes [3-8]. These experiments have driven a
wave of theoretical work which explains experiments [9-12] and broadens our under-
standing of the effects of the vibrational environment [2,13-20]. These long-lasting
oscillations have been attributed to quantum coherences, although their nature—
electronic, vibrational or vibronic (a mixture of electronic and vibrational)- is still
disputed. Such wave-like behavior is often attributed to, and is here well-described
by, quantum theory, and the interest of the community has been piqued by the pos-
sibility that nature exploits quantum mechanics to effect efficient exciton transport.
In general, two questions motivate research in this field: are biological processes
sensitive to quantum effects? If so, when does nature exploit quantum effects, and
when does nature suppress them?

Two perhaps better-posed, if less consequential, questions that will motivate
this thesis are: when must a biological phenomenon be described by a quantum
theory? If it must be described by a quantum theory, does that mean that the
phenomenology is strictly quantum? Although many— indeed, in principle, all-
phenomena can be described by quantum theory, very often a classical theory is
sufficient, and such a theory is often simpler, as well. The conclusion of this thesis
will be that, just because a phenomenon requires a quantum theory does not mean

that there is no classical analogue, or a classical system which exhibits the same



principles. Explicitly, we will find that a good description of absorption in the RC-
LH1 core complex of purple bacteria— which must be described by a quantum theory
because its fundamental unit, the bacteriochlorophyll, is “small enough” to exhibit
quantum properties— requires (extended) excitonic delocalization, or quantum su-
perposition states. However, we will also find that the phenomenology— and the
design principle for efficient light-harvesting— has a direct classical analogue in the
collective resonances of metal-nanoparticle arrays. Metal nanoparticles can be de-
scribed by a simple classical theory because they are mesoscopic objects containing
many particles, and, although quantum coherence between electrons is extremely
short-lived, their collective properties rely on classically coherent electron oscilla-
tions. Hence, it is perhaps more accurate to say that this thesis is concerned with
exploiting collective and coherent effects, regardless of their description, for efficient

light-harvesting.
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Figure 1.2: (A) [reproduced and adapted from Ref. [2]] Light-harvesting antennae
capture light and transfer excitation to a reaction center, where charge separation
takes place. Long-lasting oscillations in time-resolved spectroscopy of LH complexes
have been explained by quantum theories which attribute these oscillations to quan-
tum coherences. (B) [reproduced and adapted from Ref. [21]] A quantum theory of
olfaction posits that olfactory receptors exploit incoherent electron tunnelling to
sense the vibrational modes of odorants, and thereby discriminate between them.
(C) [reproduced from Ref. [2]] Avian magnetoreception has been proposed to oper-
ate by a chemical compass that exploits spin chemistry. A radical pair in the singlet

state is photoexcited, and magnetic interactions mix singlet and triplet states, which
lead to differentiable products.

Excitonic effects in photosynthetic light-harvesting complexes comprise one



facet of quantum biology. The distinctly quantum feature of that theory is the
wave-like nature of transport, which is described classically by incoherent (ther-
mal) hopping. Other applications of quantum theory to biological phenomena are
illustrated in Fig. 1.2. A quantum theory of olfaction postulates that the well-
accepted “shape theory” of olfaction, in which odorants are recognized strictly by
their structure, is insufficient [21]. Inelastic electron tunnelling could allow an olfac-
tory receptor to discriminate odorants by their vibrational structure. As pictured
schematically in Fig. 1.2 (A), inelastic electron tunnelling across a gapped receptor
is enhanced if the gap matches that between discrete vibrational energy levels of the
odorant. The most straightforward test of this theory measures if an organism can
discriminate between an odorant and its deuterated form, as illustrated schemati-
cally in Fig. 1.2 (B). Deuteration changes the mode energy structure with respect to
the receptor gap, and thereby changes electron transport properties. In this way, an
organism could discriminate between an odorant and its deuterated form, a predic-
tion which has been verified experimentally [22]. The distinctly quantum feature of
this theory is the discretization of energy levels. It has also been proposed that birds
orient in the earth’s magnetic field by exploiting spin chemistry [23-25]. Photoex-
citation of and electron transfer within a particular molecule— cytochrome has been
proposed— in the bird’s eye creates a radical pair— two molecules with non-zero spin—
in the singlet state. Interaction with the earth’s magnetic field and, crucially, nuclear
spins mixes singlet and triplet states, which each lead to chemically-differentiable
products, as depicted schematically in Fig. 1.2 (C). The relative singlet-to-triplet
product after photoexcitation depends on the strength of the field, and is therefore

7



a sensing mechanism. The distinctly quantum feature of this theory is spin.

1.3 Publications and Authorship

This thesis is partly based on, or reproduced from, material that has been
published elsewhere. This relates, in particular, to Chapters 4 and 5, which are
largely identical to Ref. [26] and Ref. [27]. However, 5 contains new, more rigorous
calculations which will be included in the new version of Ref. [27] that is in prepara-
tion. Results which are discussed but not obtained by the author will be made clear
in the text. In particular, full numerical simulations of R. sphaeroides and Rsp.
palustris were performed by Dr. Felipe Caycedo-Soler (University of Ulm), and the
experiments on R. rubrum were performed by Dr. Carline Autenrieth and Prof. Dr.

Robin Ghosh (University of Stuttgart), and are discussed in detail in Appendix 8.



Chapter 2: Biochemistry of Purple Bacteria

This chapter reviews the biochemistry of photosynthesis and the structural
details of photosynthetic complexes with a focus on the purple bacteria species Rho-
dospirillum rubrum, which will be our model organism in later chapters for probing

quantum effects in absorption, theoretically and experimentally.

2.1 Photosynthesis in Purple Bacteria

Although the chemical and structural details of photosynthesis exhibit great
diversity, the basic mechanism, pictured in Fig. 2.1 (A), is conserved. The pri-
mary processes of photosynthesis use light energy to power charge separation in the
photosynthetic complex to create an electron gradient across a membrane. Photo-
synthetic complexes consist of strongly coupled light-harvesting (LH) units where
the coupling between LH units is relatively weak. An electrochemical gradient is
used to create ATP, the biological currency of energy. Figure 2.1 (B) details the
photosynthetic cycle in many purple bacteria. Light is captured by light-harvesting
complexes 1 and 2 (LH1 and LH2), and shuttled to the reaction center (RC), where

charge separation takes place. Cytochrome shuttles electrons back from the be; com-



plex, where the electron gradient is used to create a proton gradient. The ATPase
synthesizes ATP from ADP using this proton gradient. We will use the anoxygenic
photosynthetic purple bacteria R. rubrum to exhibit and explore quantum effects in
the primary processes of photosynthesis — from photon absorption to charge separa-
tion [28]. R. rubrum is a highly-adaptable organism, allowing it to thrive in many
different aquatic environments, including lakes, ponds, streams and standing water.
It contains only LH1 complexes and RCs, while many purple bacteria additionally

contain LH2.
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Figure 2.1: (A) The primary processes of photosynthesis convert light energy into
an electron gradient across a membrane by a light-harvesting complex. An elec-
trochemical gradient is used to create ATP, the biological currency of energy. (B)
[reproduced from Ref. [28]] The photosynthetic apparatus in purple bacteria. Light
is captured by light-harvesting complexes 1 and 2 (LH1 and LH2), and shuttled to
the reaction center (RC), where charge separation takes place. Cytochrome shuttles
electrons back from the bc; complex, where the electron gradient is used to cre-
ate a proton gradient. The ATPase synthesizes ATP from ADP using this proton
gradient.

2.2 Bacteriochlorophyll

The fundamental unit in purple bacteria which facilitates both light absorp-

tion and charge separation is bacteriochlorophyll (BChl). The species and geometry
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of BChls determine an LH unit, such as LH1, LH2 or RC in purple bacteria. For
example, an LH1 complex contains 32 BChl a molecules arranged in a ring-like ge-
ometry. The absorption properties of BChl can be understood by first examining
its simplest constituent structure, porphyrin [29]. As pictured in Fig. 2.2 (A), por-
phyrin is composed of four pyrrole rings which form a conjugated electron system
due to the overlap of parallel 7 orbitals. The absorption spectrum of porphrin, see
Fig. 2.2 (C), shows a single strong band in the near-ultraviolet and four weak bands
in the visible and near-infrared, and can be understood by a simple free electron
model which considers the 18 electrons of the completely conjugated path (see Fig.
2.2 (A)) to be confined to a ring [29-31]. The energies and wavefunctions of this

simple model are denoted by an angular quantum number [; explicitly

El X lQ (21)
&) = \/12—7Te“¢ (2.2)
|@o) = I, |ex) (2.3)

where the ground state |®) is a product of single-electron wavefunctions correspond-
ing to the filling of the energy levels up to [ = 44, according to Pauli’s exclusion

principle (see Fig. 2.2 (B)). The transition then occurs from [ = +4 to [ = £5 and is
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four-fold degenerate, corresponding to changes in angular momentum Al = +1,+9.

|Dy) = ... eH4i¢ o510 o —4id o —4id (2.4)
|B_y) = ... eMHiPettivop diop=5i0 (2.5)
|Bo) = ... eHlideHlido—1id+5ie (2.6)
|D_g) = ... Tt didp—iv —dio (2.7)

Only Al = 41 transitions are dipole-allowed, and these correspond to the doubly-
degenerate, bright Soret band, labelled B in Fig. 2.2 (C). By Hund’s rule- which says
that for a given multiplicity (degeneracy), the transition with the largest angular
momentum has the lowest energy— the Al = 49 transitions, corresponding to the Q
band, have the lowest energy, consistent with observations. The degeneracy of the
bands is broken because the H-H axis, the x-axis in Fig. 2.2 (A), breaks the 90°
rotational symmetry. However, only the Q band splits due to the relationship of the
wavefunctions to the reduction of the symmetry group from Dy, to Dy, [32]. The
additional peaks in the QQ bands correspond to vibrational sidebands. Even from
this extremely simplified model, we can see that low-energy spectral features can be

characterized by the @, optically-induced transition dipole moments.
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Figure 2.2: (A) [adapted from Ref. [31]] Chemical structure of free base porphyrin,
the basic chemical unit of bacteriochlorophyll. The labelled x- and y-axes denote the
direction of the induced transition dipole moment. The eighteen atoms that form
an unbroken conjugated path are circled in grey. (B) A simple model for porphyrin
considers 18 free electrons confined to a ring. (C) [adapted from Ref. [31]] The
absorption spectrum of free-base porphyrin.

In BChl, the porphyrin ring is highly functionalized, as can be seen in Fig.
2.3. These additional functional groups change the conjugation properties, and
hence the symmetry of the delocalized electron states, leading to changes in the ab-

sorption properties. The biggest change is that the quasi-forbidden Q, transitions

14



become highly allowed— that is, pick up considerable dipole strength— due to the
extended delocalization along the y-axis. Hence, in what follows, we will describe
near-infrared spectral features by considering only the Q, transitions in BChl, which
have an associated induced transition dipole moment along the line joining the ni-

trogens of unreduced pyrrole rings I and III [33,34].
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Figure 2.3: (A) Chemical structure of bacteriochlorophyll. The Q, induced
transition-dipole moment, which lies along a line connecting the nitrogen atoms
of pyrol rings I and III (atoms NB and ND), is represented by the red arrow. The
atoms involved in the m-conjugated electron system are circled in gray. The ad-
ditional functional groups change the conjugated path from that of the free base
porphyrin, leading to greater delocalization along the y-axis and greater dipole
strength of the Q, transition, as can be seen in (B) [reproduced from Ref. [35]],
which is quasi-forbidden in the free base porphyrin of Fig. 2.2.
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2.3 Structural Model of LH1 and RC

Light-harvesting complexes are a collection of BChl which are held in place
by a protein scaffold. In this study we have employed a model of the R. rubrum
LH1 where 32 BChl molecules, bound to 16 « and 8 polypeptides as aS(BChl),
subunits, are arranged in a ring-like geometry with C14 symmetry, see Fig. 2.4. The
Q, transition dipole moments are tangent to the ring and in the plane. The model
was constructed in the group of R. Ghosh [36] in a collaboration with the group of
Klaus Schulten (Beckmann Institute, University of Illinois, Urbana-Champaign) in
2002, and was based upon both extensive biochemical and biophysical data, low-
resolution projection structures obtained using cryoelectron microscopy (cryoEM)
of 2D crystals [37,38], and homology modelling to the known X-ray structures of
the LH2 complexes from Rhodospirillum molischianum [39] and Rhodopseudomomas
acidophila [40] as well as a further homology model of the LH1 structure from
Rhodobacter sphaeroides [41]. The data from this model, as well as that for the
complete R. rubrum photosynthetic unit (PSU) (containing the RC) has been used

subsequently for biophysical studies of this complex [42-44].
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Figure 2.4: (A), (B) The position of the BChl and bacteriopheophytin pigments in
the atomic model of the R. rubrum LH1-RC complex. The orientations of the @),
transition moments of the pigments are shown with arrows. The special pair (P),
accessory BChls (B, and Bjs) and bacteriopheophytins (Hy and Hj) of the RC
are also indicated. The o and 3 protein subunits are rendered translucent.

The C}¢ symmetry naturally arises from the energy minimization procedure
needed to construct the model, and is one of the controversial aspects since it contra-
dicts AFM and cryoEM data obtained for LH1 complexes of other organisms [38,45].
However, fluorescence polarization data obtained from both purified R. rubrum LH1
and LH1-RC complexes, respectively, reconstituted and diluted into bilayer mem-
branes [42,43], have yielded results consistent with C}g symmetry, so we feel justifed
to employ this assumption for the calculations made here. Very recently, the X-ray
structure of a thermostable LH1-RC complex from Thermochromatium tepidum at
near-atomic resolution of 3.0 A has been published [46]. This LH1-RC complex is
also comprised of 16 a3(BChl)y units which form a closed ring, und thus strongly

resembles the R. rubrum PSU model employed here. However, the T. tepidum com-
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plex also shows observable ellipticity. Nevertheless, the distances and geometries of
the BChl pigments do not differ strongly from our R. rubrum model. Furthermore,
the crystals were grown in detergent, which may have a destabilizing effect upon

the geometry of the LH1-RC complex.

s . A
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Figure 2.5: Parameterization of RC-LH1 structure according to Egs. 2.8-2.11.

The LH1 operates as an antenna and probably evolved to increase the absorp-
tion cross-section. Charge separation is accomplished by the reaction center (RC),
which sits inside the LHI1 ring, see Fig. 2.4. A pair of tightly-coupled pigments,
called the special pair (P), absorb energy— either by direct absorption or electronic
energy transfer from the LH1- and a series of cascading redox reactions transfers
electrons to the accessory bacteriochlorophyll (B, By), then to the bacteriopheo-
phytin (Hu, Hy), and then out of the complex. Note that the Q, induced transition
dipole moments of the P-pigments are nearly anti-parallel and in the plane of the
ring.

In this study we have employed a model of the R. rubrum LH1 where M =

19



32 BChl molecules, bound to 16 « and g polypeptides as a5(BChl), subunits, are
equidistantly arranged along a ring of radius R = 47 A. Low energy spectral features
can be characterized using the @), optically-induced transition dipole moments of
the BChl, which lie along a line joining the nitrogens of unreduced pyrrole rings I
and III [33]. For simplicity, these dipole moments are taken to be tangential to, and
in the plane of, the ring. The LH1 dipoles are taken to be of magnitude d“** = /2.4
x 6.3 D = 9.8 D to take into account the observed hyperchromism [47]. Explicitly,
the positions and dipole moments of the BChl on the LH1 ring are parameterized

according to

e e (2.8)
— 08 (Ym¢)
i =R 205 {Yime) (2.9)
sin (Y, ¢)
¢%<=%§QWﬂ+C—1)+A% (2.10)

where |m/2] is the largest integer less than or equal to ™/2. The P-pigments are
modelled as two anti-parallel dipoles, of magnitude d” = 6.3 D, at the center of the

LH1 ring according to

dP = dP(—1)’ i = (2.11)

This structural parameterization is pictured in Fig. 2.5.
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2.4 Absorption Spectra of LH1 and RC

The close proximity of BChl and the geometric and electric fluctuations of
the protein change the absorption properties, as can be seen in the LH2 absorption
spectrum of Fig. 2.3 and the LH1 absorption spectrum of Fig. 2.6 (A). The descrip-
tion of such changes in the absorption spectrum will be the main task of this thesis.
In Chapter 5 we will be concerned with the quantum mechanical coherent coupling
between the LH1 and the RC. Figure 2.6 (B) shows the RC spectrum which is
composed of three bands: the H band at 760 nm corresponding to the bacteriopheo-
phytin, the B band at 800 nm corresponding to the accessory bacteriochlorophyll
and the P band at 870 nm corresponding to the special pair bacteriochlorophyll.
In particular, we will be interested in changes to the LH1 830 nm band (B880)
and the RC 870 nm band (P870) when the RC is physically inside the LHI1, as
in the natural configuration, Fig. 2.4. However, the P870 band is buried under-
neath the much stronger B880 band of the LH1. The experiment will make use of
the charge-transfer nature of the P-pigments to isolate the 870 nm peak. After a
charge separation event, which removes an electron, the optical properties of the
P-pigments change. In particular, they no longer absorb at 870 nm. Cytochrome
returns the electron to the special pair after approximately 1 ms, and the P870 peak

reappears.
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Figure 2.6: Experimentally-measured absorption spectrum of the LH1 core-complex
of R. rubrum. (inset) Measured absorption spectrum of the purified RC of R.
rubrum. The “dark” and “light” RC spectra, discussed in the main text, are pictured

|
900

in light-red and light-blue, respectively. Experimental spectra were measured in the
group of R. Ghosh (University of Stuttgart).

Hence, if we apply light of sufficiently strong intensity, resulting in the “light”
spectrum, photons will excite the RC many times before the cytochrome returns
with an electron. Consequently, the 870 nm peak can be completely suppressed, as
in Figure 2.6 (B). Conversely, if light of sufficiently low intensity, resulting in the
“dark” spectrum, is applied, the P870 band will be visible. A subtraction of “dark”
from “light” spectra, as we will do in Ch. 5, leaves only those spectral features
which depend on interactions with the P-pigments. In this way, we will be able to

isolate changes to the P870 band in the presence of the overwhelming B880 band.
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Chapter 3: Theoretical Description of Absorption

As discussed in the last chapter, light-harvesting complexes are composed of
bacteriochlorophyll (BChls) which are held in place by a protein scaffold. The prox-
imity of BChl to each other and the fluctuations of the protein— including geometric
fluctuations which change the relative orientation of BChl as well as energy level
fluctuations due to electric field of the protein— affect the absorption properties
of the light-harvesting complex, the main task of this thesis. The close distances
(~ 10 A), and consequently the strong couplings (~ 600 cm™"), between bacteri-
ochlorophyll in LH1 means that the states which describe absorption and transfer
processes are delocalized. That is, the electronic excitation is shared between mul-
tiple pigments. This chapter presents the theoretical framework which describes
these delocalized excitations, called excitons, and how they determine properties of
the absorption spectrum. The Cj¢ symmetry of the complex allows an analytical
solution to the eigenvalue problem, and consequently an analytical form for the un-
broadened spectral lines, the so-called stick-spectrum. Spectral lines are broadened
due to interactions with the protein environment, and we show that a simple dress-
ing of the excitonic stick spectra reproduces exactly the results of a more rigorous

calculation using the dipole-dipole correlation function (DDCF). Chapters 4 and 5
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use this theory to quantify the small changes in absorption upon (weak) coupling

between LH1 complexes and between LH1 and RC.

3.1 The Absorption Spectrum

The main task of this thesis will be to track signatures of weak resonance cou-
pling between light-harvesting units in the absorption spectrum. Biological com-
plexes absorb light due to the interaction of the incident electric field and the in-
duced dipole moment of the BChl. Thinking classically, the field drives oscillations
of the classical dipole, and hence the Fourier transform of the two-point correlation
function should give the absorption of the field according to the Wiener-Khinchin

theorem

Alw) / " (B - ) (B - i(0)) de (3.1)

where E is the exciting field and the expectation value of the correlation function
is taken in the steady-state of the system. A rigorous derivation of this expression
begins with a semi-classical Hamiltonian description of the interaction between light

and the electronic degrees of freedom

jz%sys—field = E(t) : ﬁa (32)
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where [i = jile){g| + H.c. is the quantum-mechanical dipole-operator connecting the
ground and excited state of the BChl. For a system containing many BChl, the
total dipole moment operator is i = > i Hilei) (gl + H.c., where |e;) corresponds to
a single excitation on BChl ¢. Considering for the moment only electronic degrees

of freedom, the full Hamiltonian reads

j? = % + %ys—field (33)

Since the incident field is weak, as discussed above, a perturbative expansion in the
field is accurate as well as useful. Transforming to the interaction picture with the
unitary operator U, (t) = et the dynamics of the density matrix, p, of the system

obeys the von Neumann equation

A

pr(t) = —i %{/s—field’pj(t) ; (3.4)

which can be solved iteratively. Plugging in the explicit form for the interaction

Hamiltonian, the density matrix in the Schrédinger picture is then

o(t) = p 4 i o (t) (35)
p(")(t) = (—)" /tt dr, tTn dt,—1 ./th dm E(Tn)E(Tn_l) E(Tl)
U(t) [fi(r). [fi(a). . i), 0] .|| UL ), (3.6)
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where p(*) = p(t,) is the density matrix of the system at the initial time #, and

fi(r) = Ul (1 — to) i Ue(7 — to) (3.7)

is the (time-dependent) dipole operator in the interaction picture. The connection
between macroscopic observables and the microscopic model is through the expec-

tation value (in the interaction picture) of the macroscopic polarization, given by

P(t) = r {ip(t) } (3.8)
which, using Eq. 3.6, Eq. 3.7 and the cyclical property of the trace, is

P(t)=PO®t)+ > P"(t) (3.9)

(iitt) [fim), [fma). - [, 0] - ]]) (3.10)

The time evolution of the system is here unitary, and, in what follows, will be
generated by a Markovian master equation; hence, the time-correlation functions are
stationary, meaning their expectation values depends only on the time interval, not
the absolute time [48]. Therefore, we set ji() = i(0). For the weak illuminating
fields used in experiment and experienced by the bacterium under physiological
conditions (Rabi frequency/ decay frequency ~ 107%), the steady-state matrix can

be safely approximated as the ground state, p(*) ~ |g){(g|. Furthermore, since this
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state does not evolve until an interaction with the light field, we can send ¢y, — —oc.
Finally, we express Eq. 6.5 in terms of relative time intervals according to t; :=
Tiy1— T, With ¢, = t —7, and 77 = 0. Using the identities 7, = fol ti=t—> 0t

we can rewrite the expectation value of the macroscopic polarization as

P™ () _—z/dt/dtnl/dtl

E(t —t,)E(t —ty — ty_1)..E(t — ty — tn_1..t1)
: <ﬁ(tn bt ty) [ﬁ(tn,l bt t), [ﬁ(tn,g bt t), [ﬁ(o),p@} H>

(3.11)

The terms in the time-correlation function of Eq. 3.11 can be understood, ordered
and kept track of using two-sided Feynman diagrams. As an example of this for-
malism, we focus on the first-order polarization P™)(t) because it leads to the linear

absorption spectrum, the central concern of this thesis.

—

PO (1) = (~i) / B —t)- (iitt) i0), 0 ) (3.12)
=) [ anBe—n)- ((Fi) - (Fi) ) e

where the last line follows from

Triji(t)pVii(0)} = Tr{p® fi(0)i(t:)} = Tr{p ™ i (0)ii'(t1)} (3.14)

Pt
= Tr{(ji(t)i(0)p )1} = (fi(t)ii(0) ) (3.15)
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Fig. 3.1 shows the Feynman diagram corresponding to absorption, in which the
ground state of the system interacts with light at time 7 := 0, corresponding to
application of the dipole operator on the right or on the left of the system density
matrix, depending on the time-ordering of the term in the nested commutator of
Eq. 6.5. The interaction creates a ground-excited state coherence, which oscillates
at the frequency corresponding to the energy gap. Hence, Fourier transforming the
correlation function of the first interaction with the emitted field gives a peak at that
frequency— the absorption spectrum. The final interaction with the dipole operator
corresponds to the free-induction decay of the excited system, which is the field
that is heterodyne detected. That is, the induced polarization emits an electric field

which is 90° out of phase

—

EWV(t) ox —iPY(t) (3.16)

which is heterodyne detected by beating the emitted field with the applied field after

spectral separation with a prism or grating, which Fourier transforms the fields

Flw) + Eﬂ)(w)f

2Re {E(w) : E(l)(w)} 517

~
~

A(w) o log

‘E(w) E(w)

The semi-impulsive limit, in which E(t) &~ E§(t) and therefore E(w) = E, allows

a simplification of this expression. The absorption spectrum corresponding to ab-
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Figure 3.1: Two-sided Feynman diagrams corresponding to absorption.

sorption of light polarized along E is then
Alw) o 2R6{E’ . E’(l)(w)} = 2Re{ / et <<E : ﬁ(t)) (E : ﬁ(0)>> dt} (3.18)
0

We will also find useful the linear dichroism (LD), which is the difference

between the absorption of orthogonally polarized light

A(gyw) = A6 + 7/2,0)
mar{(A(6,@)),}

LD(¢,w) = (3.19)

Where A(¢,w) corresponds to the absorption of light polarized along ¢. Note that
the LD is normalized by the maximum of the unpolarized absorption spectrum,
(A(9, A)),, where the brackets (), correspond to an average over incident polariza-

tions.
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3.2 Environmental Effects

The BChl are assembled in a protein scaffold which induces fluctuations in
the local electric field and hence the excitation energies. These fluctuations occur
on many different time scales, and we divide them, and their effects, into two cat-
egories based on their timescale relative to the excitation lifetime. The electronic-
vibrational interaction leads to fluctuations of the excitation energy level, which
lead to dephasing noise, which destroys electronic coherence, on a sub-picosecond
timescale. Dephasing noise does not destroy electronic populations, whose lifetime is
of the order or nanoseconds. Pure dephasing process is modelled using a Markovian

master equation

. . F 7 n n
p=—ilp.H|+3 > otpat—p, (3.20)

where 07 = |e,,) (en| — |gn) (gn] and |gn) (Jen)) is the ground (excited) state of BChl

n. Such a Markovian process leads to a decay of the DDCF according to

((t)u(0)) ~ 7. (3.21)

where the coherence lifetime is related to the dephasing rate according to

T=—. (3.22)
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We will most often take a coherence time of 7 = 50 fs which corresponds to a
dephasing of v = 106 cm ™!, as this corresponds to measured homogeneous linewidths
[49]. The homogeneous absorption spectrum can now be calculated according to
Eq. 3.18, where now ji(t) = €“'[i(0) and the superoperator £ contains all excitonic
couplings and the dephasing process. The fast fluctuations lead to a homogeneously-
broadened spectral line which, as we will show, is a Lorentzian

1 (g

O =+ (3.23)

with full-width at half-maximum (FWHM) I’ = 2 x 106 cm™*. If the DDCF exhibits

Gaussian decay

(u(t)(0)) ~ =77, (3.24)

which could be a signature of non-Markovian effects, then the homogeneous line-

shape is Gaussian in energy space according to

1 2 2
G(e) = —€*/(207) 3.25
= Jomar® (3:25)

where the standard deviation is o = /2 x ~v. Slow fluctuations can Stark-shift
the excitation energies for the lifetime of the excitation, leading to inhomogeneous
broadening of the spectal line. These effects are modeled by performing stochastic

averages of the homogeneous absorption spectrum, where the excitation energy of
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BChl n is modified to be

€n — €n + &p, (3.26)

and &, is drawn from a Gaussian distribution of width ¢;,n0m, Which is a fit parameter
used to reproduce measured spectral widths.

As will be shown in later chapters, calculation of the homogeneous absorption
spectrum with the DDCF and a pure dephasing master equation agrees exactly
with a simpler, commonly-used protocol according to a Fermi’s Golden Rule-type

expression

Aw) o< Y Do+ EP f(w — wa) (3.27)

67

which dresses the excitonic stick-spectra with lineshapes f, which are often taken
to be Lorentzian. In this formulation, calculation of the spectrum requires only
finding a unitary matrix U which diagonalizes the electronic Hamiltonian, qug, and
calculation of the excitonic dipole moments ﬁa = > Um,ncfrl, where d; is the
dipole-moment of BChl n. Hence, properties of the absorption spectrum are de-
termined by the wave-functions, or shared excitations, called excitons. The next
section derives an analytical form for these wavefunctions, and hence the spectrum

directly, according to Eq. 3.27.
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3.3 Exciton Formalism

Delocalized excitations are characterized using the Frenkel exciton Hamilto-
nian in the single excitation subspace, which is valid under weak illumination. A
correspondence between microscopic structure and optical properties is possible by
a theoretical analysis using a Hamiltonian coupling (), transition dipoles. Pigments
are identified in the site basis with |m, (), where m € {—M/4+1,..., M/4} labels
the (dimerized) unit cell (M = 32), and ¢ € {1,2} labels the chromophore within

the af dimer. For the electronic degrees of freedom, we consider the Hamiltonian

A= enclm Q) mgl+ Y T m ) (! ¢+ He. (3.28)
m, (m,Q)#(m/ (")

where €, is the site energy of BChl (m,() and J;””,'f' is the interaction energy
between pigments (m, () and (m’,(’). When the details of the charge distribution of
excited states are of no importance (center-to-center distances greater than 10 A),

Jﬁlécl can be calculated (in units of cm™!) using the point-dipole approximation:

- - _’m 74/ 7 _’m 7C
g D042 fdig - duv g ( ) <d )

7( /’ ! / / 9 (329)
" K (r )3 ( Dk
where F;Z ;ZCI = Tp,c — Ty ¢ (I units of A) m¢ 18 the @, transition dipole moment

of BChl (m, () (in units of Debye), and & is the relative permittivity. The sub-
nanometer distance between neighbouring chromophores implies that the nearest-

neighbour couplings depend on the geometry of the electronic wave-function of each
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chromophore. These couplings can be fitted using fluorescence anisotropy measure-
ments, resulting in @; = 600 cm ™! and Q, = 377 cm ™! for the intra- and inter-dimer
couplings, respectively [50].

The Davydov theory of molecular excitons develops analytic expressions for
the exciton states of circularly-symmetric complexes [51]. These states are useful as
a basis for deriving exact results and developing a perturbation theory. Modelling
the LH1 complex with a (g symmetry suggests expressing the Hamiltonian in the

Fourier basis

[k, () = \/— > e m, ¢) (3.30)

where k € {—M/4 +1,...,M/4}. The Hamiltonian coupling elements, when ex-

pressed in this basis, decouple for different values of k:

(4, 2 K. C) = 75 S0 e Kot En o o (| e ) (331)
=ML/2 A i, (A ) (32)

= /226 (k- k’mzez“k’ m=n) 6 (m — n) (3.33)

- /QZe B L o (K) (3.34)

= Lo (k) (3.35)
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where

Le (K ZeM (0,¢| A2 n, (') (3.36)

The diagonalisation of the 2 x 2 Hamiltonians restricted to each k-subspace,
L(k), is accomplished with the unitary

B2 cosO(k) /2 5in O(k)
Uk) = : (3.37)

—e W/ 25in O(k) e "®0)/2 cos O (k)

where ®(k) = arg(Lo1(k)) and ©(k) = %arctan% reflect the “amount of
dimerization”: ®(k) captures the difference between intra- and inter-dimer coupling,
and O(k) captures the site energy differences. The angle ®(k) is plotted in Fig.
3.2(A) for the parameters of the LHI1, discussed in the next section. Hence, the

Hamiltonian is diagonalized by the exciton wavefunctions

kv) =Y i Im, ) = ¢—Z””””U Jaw M, €) (3.38)

m?c

and the corresponding dipole moments of the exciton states are

Diy = cildm (3.39)

m7<

where J’m7< is the @), transition dipole moment of chromophore m,(, Eq. 2.8. Im-
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portantly, the dipole moments of the excitons obey a sum rule

> 1Diul* =Y [ Dl (3.40)
m,¢

kv

Let U be a unitary matrix which diagonalizes the Hamiltonian, then:

[jk = Z Un,k[jn

STIDP =YD dh  dy UnilUs o = iy - dn Y UniUL,

k k mmn k

Intuitively, this means that the total absorption of the complex remains constant,

it can be only redistributed among different states due to coherent coupling.

3.3.1 LH1 Excitons

We consider a simplified model for the LH1 geometry, parameterized by Eq. 2.8
and 2.9, and the energy landscape, which yields analytical expressions with quan-
titative insight. Considering degenerate dimers (e; — ¢; ~ 10 cm™! < Q; ~ 600

cm™!) and taking into account only nearest-neighbour coupling, the matrix L takes
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Figure 3.2: (A) The Davydov angle ®(k) for the simple example of Eq. 3.42. This
angle captures effects of dimerization on the exciton states. It is small for the bright
states k = £1. (B) LH1 energy level structure of Eq. 5.8. The two-fold degeneracy
and manifold splitting of 2(Q; — @)2) are signatures of the circular symmetry and
dimerization, respectively.

on a particularly simple form

€ Q1 + Qoe'it"
L(k) = (3.41)

Q1 + Que i 1ik €

where €, @)1, Q5 are site energies, and intra-dimer and inter-dimer couplings, respec-

tively. Accordingly,

s
o= 4 (3.42)
()2 sin %k

O (k) = arct :
(k) = arc aan—FQgcos%k
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The Hamiltonian is diagonalized by the exciton wavefunctions |k,v), leading to

dipole moments Dy, and energies Fy, ,

= o(1) — etidr | F5
Dt = 0. 21d“'\/MJ2 cos ( ( )2 7) N v (3.43)
1
V2
= . (1) — etiBy >
Dy = Op21d""'\/M/2sin ( ( )2 7) /B ﬂ (3.44)
w5
y AT
Ek:,y =€+ (—1) (Ql + QQ COS <Mk'>> y (345)

The circular symmetry is manifest in the two-fold degeneracy Ej, = E_j, and the
dipole selection rule ﬁk,y X Of,+1, and the dimerization in the splitting by 2(Q1 —Q2)
of the energies into two bands, denoted by v, see Fig. 3.2 (B).

The concentration of dipole strength in the upper and lower bands is a func-
tion of ®(1) — 27/32 &~ 0, which reflects the amount of dimerization. As Q1 — Qo,
®(1) — 27/32 and, consequently, more dipole strength is distributed in the lower
band. For the LH1, more than 99% of the total absorbing strength is in the low-
lying |k = £1,1), since (®(1) — 27/32)/2 ~ -0.02 according to Fig. 3.2 (A). The
dipole selection rule, which concentrates dipole strength in the £ = +1, v = 1
manifold, means that the absorption properties of the single LH1 rings, as well as
aggregates of LH1s and LH1-RC complexes, are determined by these states. We will
show that effects of coupling outside this manifold can be neglected because of either
(1) selection rules or (2) the states outside of this manifold will be off-resonance with

the states of interest. Hence, in what follows we will drop the subscript v and con-
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sider only the £ = %1 states. Full numerical simulations will consider a microscopic

structural model and all states.

3.3.2  Special Pair Excitons

The P870 band corresponds to absorption by the anti-symmetric superpostion
of special pair states since the dipole moments of the P-pigments are nearly anti-
parallel according to Eq. 2.11. This bright special pair state is modeled by

. 1
Tps70 = Dpsro = VNd” (3.46)

where N = 2.

39



Chapter 4: Optical Signatures of Quantum Delocalization over Ex-

tended Domains in Photosynthetic Membranes

This chapter applies the exciton formalism of Ch. 3 to characterize absorption
in arrays of circular LH complexes. Figure 4.1 shows that LH1 and LH2 complexes
exhibit diverse assemblies and structures across species and growth conditions. In
particular, the relative proportion of LH2 to LH1 in Rsp. photometricum and R.
blasticus, closely related to the well-studied R. sphaeroides, depends on the light
conditions during growth, an adaptation that balances excitation trapping and dis-
sipation [52]. As the distance between LH complexes is much greater than the
distance between BChl within single complexes, the effects of the weak excitonic cou-
pling between LH complexes during absorption have been unexplored. This weak
coupling breaks the circular symmetry of excitons confined to a single ring, and
therefore leads to an optical response that is sensitive to polarization. In particular,
the linear dichroism (LD), the difference in absorption of orthogonally polarized
light, witnesses this small coupling. The details are given in the following published

paper [26] after a few summary remarks.
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Figure 4.1: (A) [reproduced from Ref. [53]] AFM topograph of a native high-light-
adapted photosynthetic membrane in Rsp. photometricum. The large LH1 rings are
randomly interspersed between LH2 rings. (B-C) [reproduced from Ref. [54]] AFM
topograph of periplasmic surface of R. blasticus. The LHI1s are open rings and
dimerize due to the presence of the PufX protein. (D-E) [reproduced from Ref. [55]]
Electron micrograph of reconstituted, crystallized LH1s (in detergent) of R. rubrum.
This purple bacterial species contains only LH1 complexes. In all species, the RC
sits inside the LH1 ring. However, the LH1 of R. rubrum can be crystallized (E)
without the RC.

According to the analysis of circular complexes in Ch. 3, the absorption spec-
trum is determined by two states, labelled £ = +1. Hence, the polarized absorption

and LD is, according to Eq. 3.27 and Eq. 3.19 is

A(w, d) o | Dy - B2 f(w — wpei1) + | Dpe1 - B fw — wpe—1) (4.1)

LD(w,¢) x A(w, ¢) — A(w, ¢ + 7/2) (4.2)

where £ = cos T + sin ¢y is the polarization unit-vector of the incident light,

assumed to be travelling along the z-axis perpendicular to the plane of the ring, and
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f is a homogeneous lineshape function. For a single, circular complex the |k = £1)
states are degenerate in energy (wx—y1 = Wr=_1 = wy), carry equal dipole strength
and are orthogonally polarized according to Eq. 5.6

. +i
Dk::l:l X . (43)

Hence, ﬁk:ﬂ .Fisa pure phase and the polarized absorption and LD of a single,

circular LH complex are

Alw, @) o fw— wq) (4.4)

LD(w, ¢) x 0. (4.5)

That is, the circular symmetry, or more specifically the 90° rotational symmetry, of
the complex is reflected in the vanishing LD. The following paper shows that upon
coupling between two LH complexes, the new eigen-wavefunctions, now delocalized

over two rings, concentrate dipole moment again in two states

) =gk =Dy lk= 1)+ 5 (k=D £lk=-1),)  (46)

N —

. 0 . 1
D, x D_ x (4.7)

where |k = £1), is a single ring exciton on ring i. The other two eigenstates formed
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from the & = 41 manifolds

)y =5 (k=D b= —1),) =5 (=1l =-1,) (9

N | —

carry no dipole strength. The bright |£) states are shifted with respect to each

other in energy, leading to a splitting of peaks in the absorption spectrum

A(w, ¢) o cos® ¢ f(w — wy — %}) +sin? ¢ f(w —w; + %J) (4.9)
and a non-zero LD along the line connecting the two complexes
LD(w,O)ocf(w—wl—%u)—f(w—wl—I—%u). (4.10)

In general, an assembly which does not exhibit 90° rotational symmetry will lead
to a non-zero LD. As the splitting dw is proportional to the resonance coupling
between rings, a measurement of the LD is a direct measurement of this coupling.
The following paper contains details regarding the effects of homogeneous and inho-
mogeneous broadening, which affect the absorption lineshape and the LD contrast.

A complete understanding of the primary processes of photosynthesis, from
light absorption to charge separation, requires insight into the incoherent transfer
rates in and between all constituents— LH1, LH2 and RC- in the complete core

complex. Generalized Forster theory is often used to calculate the incoherent rate
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Yi_sk from a donor exciton k to acceptor exciton k'
2
Ve—k! = f|vk’k/|2 Zk [k,k’7 (411)

where V} i is the resonance coupling between excitons, Z; is the thermal popula-
tion (Boltzmann factor) and Iy = [~ Fi(e) A (€)de denotes the spectral overlap
integral of the donor fluorescence from exciton £ and acceptor absorption of exciton
k', F and A, respectively [56,57]. Under some assumptions regarding the homo-
geneity of absorption and emission, discussed in the following paper, transfer occurs
predominantly between |k = £1) states, and hence the transfer rate between iso-
energetic circular complexes is determined by exactly that coupling which can be
read off from the LD spectrum. The most exciting finding of the following paper
is that the LD can therefore provide a novel, straightforward if indirect method to

estimate the incoherent transfer rate between iso-energetic LH complexes.
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ABSTRACT: The prospect of coherent dynamics and
excitonic delocalization across several light-harvesting structures
in photosynthetic membranes is of considerable interest, but
challenging to explore experimentally. Here we demonstrate
theoretically that the excitonic delocalization across extended
domains involving several light-harvesting complexes can lead
to unambiguous signatures in the optical response, specifically,
linear absorption spectra. We characterize, under experimen-
tally established conditions of molecular assembly and protein-
induced inhomogeneities, the optical absorption in these arrays
from polarized and unpolarized excitation, and demonstrate

that it can be used as a diagnostic tool to determine the resonance coupling between iso-energetic light-harvesting structures. The
knowledge of these couplings would then provide further insight into the dynamical properties of transfer, such as facilitating the

accurate determination of Forster rates.

B INTRODUCTION

Nature has evolved a variety of photosynthetic architectures. A
detailed, quantitative understanding of the principles that
underly their function could assist the design of future energy
conversion devices. A wealth of careful structural and spectral
studies' "® complemented by first principle calculations’ ™"’
have contributed to our current understanding of exciton
transfer dynamics in light-harvesting (LH) antenna and
reaction center (RC) pigment—protein complexes. Recently,
interest in this topic has intensified due to observations of
persistent oscillatory features in nonlinear optical experi-
which have been reproduced in various LH
structures. This has motivated work that reevaluates the nature
of the interaction between excitonic dynamics and vibrational
motion. ¥~

Recent work has examined excitonic delocalization restricted
to closely packed pigments in single LH units.”*** This
approximation is valid for studies of intercomplex energy
transfer and fluorescence, which take place on time scales
(approximately picosecond to nanosecond) much longer than
the dephasing (~100 fs), which reduces the excitons to
localized (single-unit) domains.'”**** However, as we will
show, for processes that are characterized through observables
with a faster built-in time scale, such as absorption, which
depends on the dipole—dipole correlation function (DDCF)
oscillating at optical frequencies, extended delocalization across
LH complexes must be taken into account in an accurate
description.”® Here, we propose and characterize theoretically
an experimental scheme, based on simple linear absorption

4 ACS Publications  © Xxxx American Chemical Society

measurements, which quantifies the resonance coupling among
LH complexes in purple bacteria. On the basis of firm
theoretical analysis, we show how this information facilitates
the determination of incoherent excitonic transfer rates in
systems where the donor’s fluorescence and acceptor’s
absorption overlap.

B MATERIALS AND METHODS

Purple Bacteria. Photosynthetic membranes of purple
bacteria are composed, in general, of two-dimensional arrays of
LH1 and LH2 complexes, which are responsible for the
absorption of light and the subsequent transport of excitation
energy to RC pigments, where charge separation drives
metabolism under photosynthetic growth condi-
tions.”~**”*’73% In such membranes, excitonic energy transfer
among LH1 and LH2 units has been characterized in terms of
incoherent (thermal) hopping.”" However, for a description of
absorption, which has a much faster built-in time scale than
intercomplex energy transfer and dephasing, excitonic delocal-
ization across several harvesting complexes may become
relevant. In this work, we analyze excitonic delocalization
across many LH complexes. We will show that this
delocalization leads to a redistribution of absorption intensity
that is experimentally accessible by exploiting the symmetry of
LH1 and LH2 complexes.
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Figure 1. (a) Q, transition dipole moments (red arrows) of the BChl pigments and the protein scaffold (light red) of the LHI complex in R. rubrum,
are pictured schematically.”’ The rate of incoherent energy transfer between excitons k and k' on different LH complexes, Vi is determined by the
resonance coupling V;;, as explained in the main text. (b) Oscillating dipole—dipole correlation function (DDCF) contains all signatures of the
resonance coupling and decays due to decoherence, which leads to homogeneous spectral broadening. The difference between the X- and y-polarized
correlation functions (c) contains the signatures of coupling between rings, V1, and can be obtained experimentally by measuring (d) the linear
dichroism (LD), which is the difference between polarized absorption along these orthogonal axes. Importantly, the effects of local dephasing on the
LD can be reproduced by both the DDCF, eq 2, or a simple dressing of excitonic states according to eq 3.

For concreteness, we develop our analysis using the LH1 of
Rhodospirillum rubrum, whose assumed homology of LHI to
LH2 harvesting units permits a straightforward generalization
to membranes composed of either complex. The available X-ray
structure of the LH1 complex from Thermochromatium
tepidum®® and vanishing fluorescence anisotropy of LH 1s in
R. rubrum™ provide support for a closed ring structure with
dimeric repeating units of 2N = 32 bacteriochlorophyll (BChl)
pigments in a C;s-fold symmetry, as depicted schematically in
Figure la, although not all LH1 complexes are closed or
circular.”* LH1 complexes from R. rubrum naturally aggregate
via protein domain-mediated interactions into arrays with a
tetragonal packing and can be grown without the constituent
RCs.” Due to symmetry, the complex develops a single bright
band at 880 nm, which, in the case of R. rubrum, has 2.4 times
the dipole stren%gh from what is expected from the addition of

32 dipoles 4.35° Such hyperchromism is accounted for by

increasing the magnitude of the induced dipoles |3,-| - 2.4 X

dl = V24 x 63 Debye = 9.8 D. In Rhodobacter sphaeroides,
LH1 complexes tend to dimerize.” "

Exciton Formalism. Excitonic properties of membranes
subject to low-intensity illumination can be obtained from the
electronic Hamiltonian in the single excitation subspace:

H= e, lmyml + Y ] In)ml

m#n (1)

where €, is the excitation energy of pigment m and J,,, is the
coupling, through the Coulomb exchange mechanism, between
the Q, induced transition dipoles, d,,, of the electronic excited
states In) and |m) on pigments n and m.”” Details of the
coherent interaction lead to specific eigen-frequencies w,, from
eigenstates la) = Y,c%n), in general, delocalized over the
complete set of pigments accounted for (see Supporting
Information for Hamiltonian parameters). In general, the
resonance coupling between different rings, labeled Vi, in
Figure 1la, is the origin of electronic energy transfer (EET),
which is well-described as an incoherent process between
different rings (occurring at a rate yip o IVipl?).”® The key
prediction of this article, illustrated in Figure 1, is that this
resonance coupling introduces experimentally accessible

signatures in the linear absorption, which evidence excitonic
delocalization across different rings and can be used to obtain
estimates of the EET rates y; .

The absorption spectrum Ag(@) along an excitation
polarization direction E is obtained from the Laplace—Fourier
transform of the DDCEF, ((1_5(t)]A5)(1_5(0)E)),39

) = [ " (B()-E)(B(0)-B)ye dt

(2)
(3)

/ " Te{(e2D(0)-B)D(0)-E}e dt

~ Y 1D, EPf(o0 — o)
a

The propagator e contains all excitonic couplings and
dispersive processes of relevance for excitonic dynamics. Within
the DDCF description, the evolution of the dipole moment
operator D(t) = ¢*'D(0) = e&ziamlm)(Ol leads to oscillations
at optical frequencies cxe'”” with a period of about ~2—3 fs,
due to the Hamiltonian part of the propagator. These coherent
signatures are degraded by environmental decoherence, which
in the worst-case scenario (in terms of processes that degrade
the excitonic delocalization), may lead to independent
fluctuations of pigment energies @; within the excitation’s
lifetime, local pure dephasing, occurring on a time scale of y4 '
~ 50-100 fs."*

The DDCE evolves for many tens of optical cycles, as seen in
Figure 1b, before dephasing sets in, which can be sufficient to
imprint in the absorption spectra features of excitonic coupling,
i.e, excitonic delocalization among several LH units. Such
features are difficult or impossible to observe in processes with
a longer built-in time scale, such as EET. Our interest is to
connect the optical signatures from this DDCF with excitonic
delocalization across multiple rings. To be conservative, we
initially consider the worst-case scenario for degradation of
such extended excitonic delocalization, introduced by a local

dephasing superoperator of the form Ly = zm 7—;(6;"‘06;" -

p), with o' = Im)(ml — 10){0l and the density operator p,
consistent with random temporal fluctuations of the energy gap
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Figure 2. Extended delocalization across multiring arrays in different multiple-ring configurations. Each four-ring configuration considered in (a)
exhibits a similar, although not identical, extent of delocalization, measured by the ring inverse participation ratio IPRy. Plotted is the probability
distribution, dp(IPRg), of the IPR; of the exciton state with greatest dipole strength, averaged over realizations of static disorder. The average
delocalization length, (IPRy), increases slightly with the number of neighbors, ie, (IPRp) = {1.24, 1.27, 1.33} for the line, T, and square
configurations, respectively. However, the delocalization is witnessed by linear dichroism (LD) only when the assembly exhibits an asymmetry, like
in the T and line assemblies, as shown in (c). (d) Red-shifted absorption and (e) nonzero linear-dichroism (LD) for linear arrays (Q = 1, calculated
for different values of R = 1, .., §) witness extended delocalization over multiple LH1 complexes. Results from 5 X 10* realizations of site-energy

variations with standard deviation 325 cm™ and y, = 1/50 fs™".

between levels Im) and the electronic ground state 10). When
derived from a microscopic approach, the considered dephasing
model describes the action of a fully Markovian environment in
the infinite temperature limit. The vectorial nature of the dipole
moment D permits discrimination of absorption along the axis
that joins two coherently coupled rings and perpendicular to it,
based upon the calculation of the respective DDCF of Figure
1b. The subtraction of these two signals, presented in Figure lc,
shows that their DDCF differ, a fact made even more
conspicuous by the subtraction of absorption spectra (through
the Laplace—Fourier transform from eq 2) corresponding to
these orthogonal directions, namely, the linear dichroism (LD).
This result should be contrasted with the vanishing LD of
single circular rings, or equivalently, assemblies of rings where
the resonance coupling between rings plays no role, as
discussed below. As these calcuations show, strong local
dephasing with a rate of y4 = 1/50 fs is not enough to smear
out the finite LD for the coupled rings, and displays the
robustness of optical measures for understanding the extent of
excitonic delocalization in photosynthetic membranes. Reassur-
ingly, the result obtained from the local dephasing model is
virtually indistinguishable from the usual procedure illustrated
by eq 3, in which excitonic energies w,, are used as the center of
a dressing function flw — ®,), whose weight in the complete
absorption spectrum is determined by the exciton dipole
strength ID,,-EI*>. This agreement justifies the reduction of the
complexity of the DDCF calculation to a simple diagonalization
of the full Hamiltonian and the use of Lorentzian line-shape

functions f(w) = y4*/(@* + 74%), to establish the influence of the
electronic coherent coupling in polarized absorption spectra.
Moreover, it emphasizes the necessity of the excitonic dipole
strength ID,*>, and therefore the relevance/necessity of
excitonic states la), for the description/understanding of the
absorption process in ring assemblies.

Bl RESULTS AND DISCUSSION

Excitons la) are affected by their interactions with the protein
environment, which dynamically degrade the electronic
coherence within the excitation lifetime (homogeneous broad-
ening) captured by either £, or the dressing procedure, and
quasi-static fluctuations (inhomogeneous broadening) of the
excitation energy and the Coulomb coupling. An interplay
between both types of broadening leads to the observed width
of the absorption spectrum, which in the case of LHI is
approximately I' &~ 465 cm™. If the homogeneous line shape
function is consistent with a dephasing lifetime of y4 = 1/50 fs,
a standard deviation of a Gaussian pigment site-energy variation
of 325 cm™ is required to recover the full width of the LH1
absorption (further details in the Supporting Information).
This latter value is in agreement with previous estima-
tions 244246

Extended Delocalization: Absorption and LD as a
Witness of Delocalization in Ring Assemblies. The
relevance of the excitonic dipole strength ID,> for the
description of the optical response of ring assemblies motivates
our study of the excitons la) in multiple ring arrays.
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To estimate the influence of inhomogeneities on the extent
of excitons, the usual inverse participation ratio”*”**
generalized to quantify delocalization across rings R of a given
exciton @, namely, the ring participation ratio IPRg =
1/ YR (O Ic%*)?. The IPRy ranges from 1 to R, and IPRy
> 1 unequivocally represents excitonic delocalization over more
than a single ring. An estimation of the size of excitons in each
of the three configurations presented in Figure 2a shows that
absorption in these arrays generates excitons that in general
extend over domains larger than a single ring. This figure also
shows that excitons have similar sizes for a fixed set of
coherently coupled rings. In more detail, small differences
emerge from the specific connectivity of each configuration,
setting the square, T-like and linear configurations with exciton
sizes in descending order. Importantly, the histogram of IPRy of
Figure 2 is made upon the two most optically active states from
every noise realization and therefore represents the accessible
states through optical excitation.

For uncoupled LH1 complexes, the circular symmetry leads
to an optical response predominantly determined by two
orthosgonally polarized degenerate exciton states and vanishing
LD.>03349:50 However, the coherent excitonic interaction
bettween rings may lift such a symmetry and result in shifts
in the unpolarised absoprtion spectrum and/or to a finite LD.
The key theoretical predictions of this article are summarized in
Figure 2b—e. Namely, a shift in the unpolarised absorption
spectra will generally be observed in assemblies of many rings,
whereas a nonzero LD will be measured in arrays with a large
aspect ratio and small width, i.e, linear-like arrays.

A close inspection of the absorption spectrum (Figure 2b) of
the configurations from the inset of Figure 2a, shows very
similar spectra for the T-like and linear configurations, whereas
the square assembly does present a larger shift to the red than
the former geometries, in comparison to the spectrum from a
single ring. In practice, shifts that account for fractions of
nanometers can be difficult to discriminate and a comple-
mentary measure, namely, the LD, can be of help to understand
whether the shifts observed are compatible with excitons
formed across several rings. Even though all these structures
present a finite shift with respect to the single ring spectrum,
notice, however, that not all multiple-ring arrangements present
a finite LD. For instance, the symmetric square assembly, which
presents the greatest IPRg, has vanishing LD, whereas the linear
array shows a LD with a contrast of ~4—5% of the absorption
maximum. From these results it is apparent that, although each
assembly presents similar delocalization and shifts in the
unpolarised absorption, asymmetric assemblies provide a
suitable scenario for the experimental observation of excitonic
delocalization using polarized spectroscopy. When the focus is
placed in the linear-like arrays, it is observed that unpolarized
absorption spectra show greater shifts in Figure 2d with an
increase of the number of rings in the linear array. Interestingly,
the amplitude of the LD also increases with the linear array size,
from =2.5% for two rings, rising up until it seems to saturate to
~5% for five rings.

It must be highlighted that just due to homogeneous
broadening, the LD amplitude for two rings is about 5%
whereas if the inhomogeneities are included, it reduces to about
2.5% of the total spectra. We have tested that this latter value is
robust to different compositions of homogeneous and
inhomogeneous broadening restricted to the same full
broadening of the optical transition. The inhomogeneities in
a sample may not be restricted to environmentally induced

inhomogeneities in the pigment energies and can indeed be
caused by structural perturbations, such as variations in the
intercomplex distance or geometrical perturbations that
produce ellipticity. A thorough study of both effects is
presented in the Supporting Information, from where it can
be concluded that the specific details of the broadening
mechanisms do not play an important role for the
determination of the LD amplitude.

These full numerical simulations of the polarized and
unpolarized absorption spectrum highlight (1) in general,
(small) shifts in the absorption spectra are expected in arrays of
rings; (2) a finite LD, in particular for linear-like assemblies, will
be observed due to the coherent coupling of the rings, and (3)
the contrast of the LD depends inversely on the total
broadening of the optical transition and not on the specific
details of the broadening mechanism.

Analytical Expressions. To understand which quantities
determine both the shifts in the unpolarized spectrum and the
LD, an analytical model is desirable. In the absence of
inhomogeneities, the optical response of circular aggregates,
resembling LH1 or LH2 rings, is determined by the |k = +1) =

ﬁzn(—l)” exp(27ik|n/2|/N)ln) states, where [n/2] is the
largest integer smaller than n/2. These states carry all the
transition dipole moment, namely, Dy I |3|\/§ & = 9),

where & and j denote orthonormal axes to be identified with
those shown in Figure 3a. The inter-ring resonance coupling
Vig = (k €éHIk', €) between excitons k and k' on rings

(a)

Figure 3. (a) LH complexes in purple bacteria naturally arrange
themselves in well-ordered 2D arrays. The spectral consequences of
extended delocalization in such an arrangement can be understood by
examining a rectangular Q X R array. The absorption anisotropy is
strongest for linear-like arrays (Q/R >> 1), represented schematically
by the color gradient. (b) Circular symmetry of single LH complexes
concentrates the optical absorption strength in degenerate states with
orthogonal polarization (blue bounding boxes). The circular symmetry
of the combined system is broken upon interaction (orange bounding
boxes), leading to a measurable splitting of polarized states.
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centered at lattice sites ¢ and ¢/, calculated by coupling all
pigments on both rings according to eq 1, is much smaller than
the energy difference between single-ring excitons, namely,
Kk, e H Ik, €) — (k', ¢IHIK’, ¢')I. Such a condition results in a
minor mixing between states |kl # kI, and leads to an optical
response of assemblies mainly determined by the coupling
between the bright |k = +1, €) and Ik’ = +1, €') states from
neighboring rings. In particular for this manifold, it can be
shown that V;; = V_, ; <0, V;_; = V*, and the argument
arg(V,_,) = & for ¢ — ¢’ = +ak becomes arg(V, ;) = & + z for ¢
— ¢’ = +dj, where a is the lattice spacing.

In what follows, we consider nearest-neighbor couplings on
the rectangular lattice of Figure 3a, as in Figure 2 regarding
square and linear configurations, as it exhibits the optical
signatures of extended delocalization while allowing simple
analytical expressions. In particular, for the LH1 complex of R.
rubrum, we find V;; = —1.8 em™" and IV, || = 44 cm™".
Qualitatively similar results are obtained for couplings beyond
nearest-neighbors and triangular lattices, which we consider
explicitly in the Supporting Information. Rings are centered at
lattice sites ¢ = a(q& + 19), whereq=1,.., Q€ Z,r=1,.,RE
Z,and a = 120 A;® single-ring excitons are labeled I+1, g, r) = |
+1, ¢). Accordingly, the extended excitonic wave functions over
the rectangular array read as

2X2
R T CE)

ik k
X z sin( l )sin( ™ )|i; q, 1)
q,r

R+1

(4)
where I+) = % (1) +1-1)) and k, =1, .., Qand k, = 1, .., R

are Fourier quantum numbers corresponding to the X and y
directions, respectively. The optical response can be approxi-
mated according to eq 3,

= £
D, k&, El Sz(kq,Q) $*(k,, R) cos’ ¢
[

|‘5—k k Elz Q+ 1 R + 1 Sinzd)
KKy

)

where ¢ is the angle between the polarization of the field E and
the axis &. The absorption strength is determined by

7k . TkW 7k
S(k,w) = sm(;) sm( 2w+ 1)) csc( W+ 1))

distributed over states |+) along orthogonal polarizations.
Given that S(k,W) ~ % sin2<%k) already for W 2 3—4 rings,

the dipole strength becomes small for higher k > 1 states,
concentrating dipole moment in the k;, k, = 1 states in the
rectangular configuration. The energies of these states are

shifted by
+ cos|
1) R+1 )

7
E, =2V, | cos
+ 1,1[ (Q+
+ 21V _|l] cos z - cos( z )
’ Q+1 R+1

=0E + AE (6)

Given that the absorption is composed of these two shifted
optical transitions, a general shift 6E = (E, + E_)/2 « V,, of
the (unpolarized) absorption maximum, with respect to the
single-ring case, is expected for the coherently coupled array of
rings. Such a shift from the assemblies studied in Figure 2a,b,
accounts for 6E = 2V, | in the square (Q = 2, R=2) and JE =
2V, cos(7/S) in the linear (Q = 4, R = 1) assemblies. Hence,
the above expression explains why the square geometry shows a
greater shift than the linear assembly, with respect to the single-
ring case, in the unpolarized absorption spectrum. Last, but not
least, note that the magnitude of V,; depends also on the
specific details of the structure (further details in the
Supporting Information). Hence, spectral shifts can be used
as a tool to understand specific geometrical details that have
been not possible to resolve by other means.

The states |+) and |—) are orthogonally polarized; polar-
ization along the X-axis results in absorption spectra peaking at
energy E, corresponding to D, &, whereas polarization along
the j-axis results in absorption spectra peaking at energy E_
corresponding to the D_x ¥ state. The subtraction of these two
spectra recorded from perpendicular polarizations, the LD, is
finite whenever 6E = (E, — E_)/2 does not vanish, which
occurs, according to eq 6, strictly due to the resonance coupling
Vi, which breaks the circular symmetry of the assembly.
Explicitly, on the basis of eq 6, the effect is greatest for a linear
chain (R = 1) and a saturation for both the red shift, 5E, and

splitting, OE, is expected, as cos ﬁ ~ 1 already for Q =~ 5—6

rings.

Experimental Determination of Forster Rates. Besides
controlling the linear optical response, the resonance coupling
dictates the rate at which, on a longer time scale, excitations
migrate incoherently between complexes.”®>” The transfer
among different bands that can be resolved spectrally permits
experimental schemes that make use of the different spectral
components to separate dynamical contributions.*”**™*° In the
case of isoenergetic transfer steps, like LH1 — LHI, this is not
possible and it becomes hard to identify the nature of individual
dynamical components. Excitation annihilation was used to
determine the transfer rate between LH2 rings in R
sphaeroides,”” and techniques based on transient depolarization,
such as anisotropy absorption recovery, have been valuable to
recognize multiple dynamical contributions at low temperatures
in the core complex of R rubrum®* " but have failed to
unequivocally identify components arising from intraring
relaxation or from inter-ring energy transfer. The accurate
determination of these rates is crucial for understanding the
efficiency of photosynthesis.

We show here that the possibility to obtain the resonance
coupling between isoenergetic species of LH1 or LH2
complexes, through the absorption measurements just dis-
cussed, circumvents the ambiguity in these isoenergetic
landscapes and opens up a promising experimental scheme to
quantify their mutual transfer rates.

Two facts of major importance, illustrated in Figure 3, are
that the shift of the unpolarized absorption is 5E = V ; cos(r/
(Q + 1)) and that the splitting between bright tranitions is 26E
= 41V, _,lcos(n/(Q + 1)) for linear geometries. Accordingly,
measurement of the shift in the unpolarized absorption
spectrum determines V), whereas, as will be shown shortly,
the determination of V;_; through an LD measurement is
possible. A good quantitative agreement between the full
calculated spectrum and the subtraction of two Lorentzian line
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shapes with full width I' &~ 465 cm™ (in agreement with
experiment) separated by V, | permits us to extract the
relation

v _| v 1
LD, = C,—— + 0o|| ==
r r

7)

3f in the

for the LD amplitude, LD, with a constant C, =

case of two rings, which accounts for the specific ch01ce of
Lorentzian line shapes. Accordingly, it is possible to determine
through the unpolarized spectrum and the LD amplitude, the
values of V,, and V;_, independently.

Generalized Forster theory is often used to calculate the rate
of incoherent transfer y;_,;- from a donor exciton k to acceptor
exciton k'

2w 2
Yook = 7”’2,1&' Zil ®)

where V};/ is, as before, the coherent excitonic coupling among
single-ring states, Zk is the thermal population (Boltzmann
factor), and Iy = [TF(e)Ap(€) de denotes the spectral
overlap integral of the donor fluorescence from exciton k and
acceptor absorption of exciton k/, F, and A, respectively.*>*®
The total transfer rate from donor to acceptor is y & X 17y
Although we have taken a large inhomogeneous broadening in
our calculations, there is experimental evidence of a
predomlnance of homogeneous broadening of LHI at room
temperature.**~*® Under the assumption that the emission is
also spectrally homogeneous, the total rate is y & Y, 7, and
the Forster rate can be calculated as

27
y= ?(ZIVMIZ + 21V, _")zg ©
where I = f8°F(€) A(€) de is the full spectral overlap and Z,; is
the thermal population of the |k = +1) states, which depends
on the single-ring model.

As shown above, V;; = —1.8 cm™' and IV, _,| = 44 cm™" are
quantified by shifts in absorption and nonzero LD contrast,
respectively, which allow a calculation of the Forster rate with a
minimum of model input. The dipole moments ldl and the
dielectric contant x = 2 predict an inter-ring transfer time of 8
ps, which is well within the bounds (~1—20 ps) of estimates
from current experiments and theoretical calculations.>"*”%*
Determination of the inter-ring coupling strength by measure-
ment of the LD thus provides a new method to determine
Forster transfer rates. This procedure would then provide
further insight into the values of the dielectric constant and the
BChl dipole moment in vivo, which are parameters usually
estimated indirectly. Figure 4a plots the transfer time, LD
contrast, and absorption shift as a function of these quantities
according to eq 9.

Several elements have to be brought together in an
experiment that confirms excitonic delocalization across
extended domains. A speculative setup is illustrated in Figure
4b on the basis of mutagenesis of blue-shifted LH 1s.**" If a
link between LH 1s by means of mechanical bridges or affinity
domains is accomplished, the formation of linear-like
assemblies will be possible. Additionally, these assemblies
must be macroscopically aligned to set the polarization
excitation directions. The blue-shifted LH 1s will serve then
to build the membrane scaffold to accommodate the linear
arrays of nonmutated LH 1s and fix their orientations.

(a) Shift of absorption (ANnm) (b)
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Figure 4. Absorption measurements can provide direct information on
the magnitude of transfer rates. In (a) is presented the transfer time
between LH1 complexes as a function of the LD contrast and/or shift
in the unpolarized absorption (which depend on the resonance
coupling V., itself a function of the dielectric constant). An
experimental ensemble measurement of the LD signal mitigates the
effects of structural disorder and allows a direct absorption readout.
Such an experiment is shown in (b), where “blue” rings, mutated to
maximally absorb at less than 880 nm,***" are grown in a membrane
with “red” rings, absorbing at 880 nm and linked in pairs. The
aggregation of blue-shifted LH 1s leads to their vanishing LD, whereas,
if the axes of the red pairs align, their nonzero LD signal can be
measured.

Fluorescence vyield detection upon polarized excitation
performed on single assemblies®” is also a promising technique
to confirm/disregard the hypothesis of long-range excitonic
delocalization in natural LH aggregates.

Bl CONCLUSIONS

In summary, we have modeled and characterized, through
analytical expressions and numerical calculations, the optical
response due to resonance coupling between multiple rings in
photosynthetic membranes of purple bacteria. This inves-
tigation highlights the importance of a description, at room
temperature, of light absorption beyond the standard
assumption of excitons restricted to individual rings. The
dipole moment redistribution that emerges in 2D arrays of LH1
rings, due to extended excitons, leads us to propose an
experimental procedure, based on polarized and unpolarized
absorption spectra of small linear-like arrays of rings, which
quantifies inter-ring resonance coupling. We show that this
experimental procedure allows an alternative, indirect measure-
ment of their incoherent Forster transfer rate, which carries
additional information on currently poorly characterized
parameters, like the dielectric constant or the in vivo BChls
dipole moment. Such a measurement could be accomplished
through absorption of an ensemble of oriented linear-like
assemblies or through fluorescence yield detection of single
assemblies which have been excited by polarized fields.
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I. HAMILTONIAN OF LH1 COMPLEX
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FIG. 1. The Hamiltonian and noise parameters taken in
this study reproduce the experimentally-observed absorption
spectrum.

In this study we have employed a model of the R.
rubrum LH1 where 32 BChl molecules, bound to 16 o and
B polypeptides as f(BChl), subunits, are equidistantly
arranged along a ring of radius r = 47 A. Dipole moments
are taken to be tangential to, and in the plane of, the ring.
The sub-nanometer distance between neighbouring chro-
mophores implies that the nearest-neighbour couplings
depend on the geometry of the electronic wave-function
of each chromophore and cannot be inferred directly from
a dipolar interaction in the point-dipole approximation.
Couplings on the ring can be fitted using fluorescence
anisotropy measurements, resulting in nearest-neighbor
couplings Q1 = 600 cm™' and Qo = 377 cm™! for the
intra- and inter-dimer couplings, respectively!. As dis-
cussed in the text, homogeneous broadening is taken into
account using either a Lindbladian master equation with
a pure dephasing rate of 74 = 106 cm~! or the equiv-
alent protocol of dressing excitonic stick-spectra with a
Lorentzian of full-width half-maximum 2 x 4. These
parameters reproduce the experimentally-measured ab-
sorption spectrum of isolated LH1, see Fig.1. Coupling
between dipoles on different rings, separated by a = 120

A, is calculated using the dipole-dipole interaction

3 (J'n : Afn,m) (Jm : Mn,m)

|A7 ]

1 d, - d,
T = —— .
| ATy

T Ak
(1)

where A7, p, = 7, — 7, and k=2 is the relative permit-
tivity. The LH1 dipoles are taken to be of magnitude
v2.4 x 6.3 D =9.8D to take into account the observed

hyperchromism?.

Il. MEASURES OF EXTENDED DELOCALIZATION

Excitonic properties from purple bacteria membranes
can be obtained from the Coulomb exchange Hamiltonian

2NR
H=> (em+0dc,)|m)(m|
N R
+ > Twn(In) (m] + [m) (n) (2)
m#n

where J,,, denotes the interaction strength between the
induced transition-dipoles of pigments n and m, corre-
sponding to electronic excited states |n) and |m) with
energies €, and €,,. Note that each ring contains 2N = 32
pigments and we examine a line of rings (Q=1), as in the
main text. The wavefuntions take a remarkable simple
form in the absence of protein inhomogeneities (J,, = 0),
as given in eq (5) of the main text.

Explicitly, the bright states of relevance for the optical
response are

|tk = ky = 1,Q = 1) O(XT:sin (RL) 1+,7) . (3)

These states present populations in each ring propor-
tional to sin?(7r/(R + 1)) which is largest for the rings
lying in the middle of the linear chain. Note that in
the abscence of coherent interaction among rings, all
states should have populations concentrated in single
rings. As a consequence, on average, a density operator
will present a statistical mixture with populations being
equally shared among all rings.

Absorption is a linear functional in the density op-
erator. Hence, we concentrate on the density operator
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p = |a) {a] which results from averaging the eigenstates
of eq (2) under realistic conditions, i.e. with appropriate
magnitude for protein-induced fluctuations 4/(62) = 325
em™!. Our choice of magnitude of these fluctuations is
justified by a detailed analysis of absorption spectra of
LH1 in R. rubrum, see Fig. 1.

The average population of each ring for the subset of
states |a) with the largest light-induced dipole strength,
is presented in Figure 2. Here, a non-uniform population
in the linear configuration of rings can be seen, where
the complexes in the middle of the chain present a greater
population compared to the rings at the chain edges. The
pattern of ring populations displayed in the presence of
inhomogeneities resembles the noiseless case from states
|£, ke = ky =1,Q = 1), which illustrates the formation
of excitons fulfilling the full array boundary conditions in
the presence of quasi-static fluctuations. The resilience
of the excitons to the inhomogeneous disorder illustrates
that the disorder produce noticable smearing out of ex-
citonic delocalization, but does not completely erase its
features. Another indicator of excitonic coherence among
neighbouring rings is also presented in Figure 2, namely
the total coherence pr, r, = >, 1 mer, | (Rl p|m) | among
all chromophores that belong to neighbouring rings r1 and
ro. This total inter-ring coherence, ussually assumed to
be negligible for inter-ring exciton transfer, is manifestly
non-zero in Figure 2, and is the cause for the absorption
anisotropy that produces the finite linear dichroism (LD)
discussed in the main text.

To characterise the excitons formed upon photon ab-
sorption, useful quantities are the conventional inverse
participation ratio

2NR -1
IPRc = (Z cf‘|4> (4)

and a generalisation which we denote the ring inverse
participation ratio

-1

R /N 2
IPRp= (> (Z |c;’“|2> (5)

r=1 ier

where the inner and outer sums are performed over BChls
that belong to a specific ring r and over all rings in the
array, respectively.

As defined, IPR¢c ranges from 1 to the total num-
ber of pigments in the array and measures how many
chromophores participate in a given exciton, while /PRy
ranges from 1 for any exciton confined to a single ring,
to IPRRr = R for pure states that are evenly delocalised
over the entire array of R rings. For IPRp > 1 or
IPRc > 32, these two quantitites demonstrate unam-
biguously the presence of bright excitons over domains
greater than a single ring (see Figure 3(a)). A general
trend shows larger exciton lengths for arrays with higher
number of rings. Figure 3(a) highlights realisations ex-
tending over more than 2 rings (IPRpr > 2), which ex-
tend well beyond the current paradigm of single ring ex-
citons (lying flat with ITPRg = 1), sufficient for the de-
scription of processes with a longer built-in timescale.

The dependence of excitons length with the size of the
array is made conspicuous in Figure 3(b) where the av-
erage I PRy is shown as a function of the linear (Q = 1)
array size for the two brightest states |a) of each reali-
sation. Here, it can be appreciated an increase in exci-
ton size with the array extension in the same qualitative
manner as the homogeneous wavefunctions of eq (3) (also
shown in the same figure).

Based on the observations that the wavefunction and
the excitonic length from averages of inhomogeneous
noise resemble qualitatively the features that arise from
a noiseless treatment, it can be safely assumed that the
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FIG. 3. (a) Scatter plot (points) of the IPRc and IPRgr

from eqs.(4,5) for two (red) and five (blue) rings, for states
with the greatest dipole moment in realisations of the quasi-
static fluctuations in eq 2. States that delocalize beyond 2
rings are highlighted. In (b) is presented the average IPRg
for the brightest state in each noise realisation (crosses) and
for the noiseless wavefunction in eq (3) (circles), as a function
of the length of the array. Symbols connected by straight lines
to guide the eye.

inhomogeneous broadening is included, the noiseless fea-
tures are not completely smeared out. It becomes natu-
ral therefore, to assert the properties of the system based
on the noiseless characterization presented through equa-
tions (5)-(7) in the main text.

IIl. SHIFT OF THE UNPOLARISED ABSORPTION
SPECTRUM: DEPENDENCE OF V;; ON THE
GEOMETRY OF THE RING DIPOLES

The resonant interaction between rings in general as-
semblies can result in a shift of the absorption spectra,
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FIG. 4. Coupling V1,1 as a function of the angle Ay between
the @y transition dipole and the ring tangent.

addressed by equation 6 in the main text and numerically
supported by Figure 2(b) and 2(d) in the main text. The
magnitude of this shift, in comparison to the isolated ring
situation, depends on the structural details of the rings.
As it has been stated in section I of this SI, we have
used a structure where the (), transition dipoles are tan-
gent to the circumference of the ring. However if this
angle, A, is increased, the magnitude of V; ; increases,
as presented in Figure 4. Accordingly, the determination
of the shift in the spectra reflects specific details of the
rings, which escape measures performed on single rings,
but are otherwise accessible through the observation of
assemblies.

IV. INHOMOGENEOUS BROADENING.

The spectral lineshape and width are determined by
both homogeneous and inhomogeneous contributions.
Two effects are manifested when inhomogeneities are in-
troduced in excitonic transitions, namely, lineshape mod-
ifications and energy shifts. Figure 5 (a) shows that over-
lapping spectra are obtained with different combinations
of homogeneous and inhomogneous broadening, being the
most conspicuous signature of their slightly different line-
shapes, the difference in the low energy tails. For the case
of smaller inhomogeneous broadening, a Lorentzian-like
lineshape appears with slower rise as compared to the re-
sult with higher inhomogeneity with a Gaussian-like line-
shape. For values of inhomogeneous disorder bounded by
the full spectral width, the energy splitting between ab-
sorption spectra along orthogonal polarizations is greater
with the inhomogeneous noise Figure 5 (b). This phe-
nomenon can be understood by the excitonic repulsion
which results in slightly larger splittings for greater lev-
els of noise®. Accordingly, the LD changes due to the
inhomogeneous noise (see inset of Figure 5 (b)), with a
very counter-intuitive result, namely, greater inhomogen-
ities produce greater LD amplitude. Such increase can
only be traced back with full numerical simulations, as it



requires to account for all the dark levels in order to quan-
titatively assert the shift calculated in the inset of Figure
5 (b). Note however that within the inhomogenities ex-
pected in these systems, the energy difference among or-
thogonal absorption spectra does not produce dramatic
changes in the LD, given that we have been careful to
reproduce in all cases the absorption profile shown in Fig-
ure 5 (a). The major change in the LD will be due to
the full broadening of the optical transition transition —
labeled in Figure 5 (a) as I'- as it becomes conspicuous
by comparison of the LD from homogeneously broadened
spectra with a width of 2x106 cm™! in Figure 1 of the
main text, and the LD of full spectrum, here presented.
In the former case, the amplitude of the LD can reach
about 5% of the absorption spectrum, while in the lat-
ter case the LD amplitude is reduced quite generally to
2 — 3%, as Figure 5 (b) illustrates. It can be concluded
from this analysis, that the LD changes only slightly de-
pending on the inhomogeneous component in the spectra
with a robustness only vulnerable to the total width I" of
the absorption spectrum.

The noise model presented above accounts for
environmentally-induced inhomogeneities in the pigment
energies. However, it does not account for explicit pertur-
bations of the chromatophore vesicle, such as variations
in the inter-complex distance or for structural perturba-
tions, such as elliptical deformations of the rings.

Examination of paracrystalline? domains of LH2 in
Rsp.  photometricum and close-packed orthorhombic
crystals®® in R. rubrum imply variations of only a
few Angstroms in the center-to-center distances among
neighbouring ring structures*”. Figure 5(c) shows the
effect on the LD when the inter-complex distance suffers
stochastic variations which are much greater than the
variations observed from pair correlation functions calcu-
lated from atomic force microscopy (AFM) experiments
(/(6r2) = 0,5,10,15 A as compared to /{672) ~ 1 A
observed in*). This figure illustrates that the contrast in
the LD actually increases with greater center-to-center
distance variations. This surprising result can be un-
derstood from the functional form of the Coulomb in-
teraction. At a center-to-center distance of a few tens
of nanomenters, the Coulomb interaction scales as 1/r3
which means that bringing rings together by dr increases
the coupling more than it is decreased by separating them
by ér, hence, the LD is enhanced in average. A fur-
ther signature is apparent for large variations reflected
by the red shift of the LD. This signature can be traced
back to the amplitude of absoprtion along & and ¢ axes,
which for strong variation of the center-to-center distance
makes the former absorption greater than the latter, and
hence produces a LD which is slightly asymmetric. Note,
however, that the few Angstrom variations observed in
experiments are too small to appreciably affect the LD
signal by its magnitude or to enhance appreciably the
absorption along one of the polarization direction with
respect to the orthogonal, by means of inter-ring distance
inhomogeneities.

In general, LH complexes in purple bacteria express
geometries which may differ from the circular ring of
R. rubrum in our model. Another conformation of the
LHI in R. rubrum has been observed to be significantly
ellipsoidal®. In addition, the LH2 of Rubrivaz gelati-
nosus, obtained by AFM®, and the latest LH1 X-ray
structure of Tch. tepidum both exhibit a degree of
ellipticity?. It is not known if the long axes of ellipti-
cal rings may be aligned or randomly oriented along the
membranes where they are synthesized. A study of el-
liptical structures is therefore in order as it might clarify
the scope of the LD to witness extended delocalization.

Oval structures with an apparently small eccentricity

1-— (%)2 = 0.32, where a and b are the minor and
major axes, respectively, produce energy shifts among
k = +1 states of ~ 100 cm™! in a single ring!?, which is
10 times larger than the shifts due to inter-ring excitonic
coupling, presented in the inset of Fig. 5 (b). In these
experiments the excitation polarisation was fixed with
respect to the major axis of the single elliptical ring. In
an ensemble, there is no reason to believe that the ori-
entations of major axes will or will not correlate. In
order to isolate the effect from elliptical deformation, we
momentarily set the pigment energy inhomogeneities to
zero. Now, if an ensemble presents randomly-oriented
major axes and the rings do not couple coherently, then
the finite LD signals, stemming from the elliptical geome-
tries, cancel out and lead to a vanishing LD (see Fig. 5
(d)). In order to account for the elliptical deformations
we use an interaction between nearest neighbours with a
functional form that only depends on their relative dis-

Ard o . .
tance J,, p, = M%Ql,g where rg &~ 9.2A4 is the distance

among pigments in the circular geometry, and @1 are
the nearest-neighbour couplings. In the same fashion, if
an ensemble of randomly-oriented coupled rings is consid-
ered, then the LD arising from the elliptical perturbation
vanishes and only the nonzero signal arising from the co-
herent interaction remains. Figure 4(e) shows that the
nonzero LD for coherently-coupled linear arrays is robust
to the ensemble-averaged elliptical perturbation, as it re-
sults in a maximum value of 5 % for two rings, which, as
expected, is similar to the value, with just homogeneous
noise, presented in Fig. 1 of the main text.

It was observed that the macromolecular assembly in
purple bacteria vesicles can indeed present long-range
organisation''. Therefore, the likelihood of having affin-
ity domains in each ring that set specific connecting
residues to neighbouring units and result in an overall
specific orientation of all major axes, is not out of the
question. If the macromolecular assembly has a preferred
orientation of rings-ellipse axes, a finite LD will be mea-
sured even in the absence of appreciable inter-ring exci-
tonic delocalization.

In general, if the geometrical contribution to the LD
is independent of the size of the assembly, then a sim-
ple subtraction among LD signals, ALD, arising from
different assemblies lengths will therefore represent the
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and 3 rings.

residual contribution resulting from the extended exci-
tonic delocalisation among such assemblies.

V. GENERAL 2D GEOMETRIES

The description in the main text of excitonic delocal-
isation over extended domains made use of square unit-
cell lattices. It was concluded that arrays with a large
aspect ratio and small width are desirable in order to
obtain an polarized optical response which encodes the
symmetries of the extended excitons. Here we generalise
these statements to arrays with other unit cells. Specif-
ically, we analyse a triangular lattice and, to prove the
generality of our statemements, we also study a square
unit cell with non-nearest-neighbour interactions.

The possibility to use the natural assembly of these
complexes to probe inter-ring excitonic delocalization is
investigated by numerical diagonalization of the Hamilto-
nian in the manifold |k|, |k’'| = 1 for a triangular unit-cell
lattice (Figure 6). The triangular unit cell approximates
the natural “quasi-hexagonal” aggregation state observed
for LH1 complexes in photosynthetic membranes of R.
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In (a), the overall absorption spectra takes on more Gaus-
sian lineshape, manifested from steeper tails of the spectra as inhomogeneous disorder is increased. The splitting between
orthogonally-polarized manifolds, AFE, in (inset b), has only a slight increase with inhomogeneous noise, which results in an
LD signal (b) robust to energetic disorder (cinhom = 175 - 325 cmfl). The LD is also robust to variations of the inter-ring
distance, as shown in (¢). In (d) the LD ensemble averaged over randomly-oriented oval structures in linear arrays with 1, 2

rubrum!?. Triangular para-crystaline domains of LH2

complexes also form in Rsp. photometricum at low light
intensity conditions!®. Figure 6(a), shows that the dipole
strength in the triangular lattice is concentrated at the
band edges, analogous to the prediction made by eqs (3-
5) in the main text. As shown in this figure, states po-
larized along and perpendicular to the long-axis of the
array are split in energy, leading to a finite LD once the
stick spectra is dressed with appropriate line-shape func-
tions. Figure 6(b) highlights another important feature.
Here, even though an asymmetric array is being consid-
ered with the same aspect ratio, the LD signal is, in fact,
smaller (LD,,q. =~ 0.6 % in (b) as opposed to LDy 4, =
0.7 % in (a)). This can be understood from eq (7) in the
main text, which shows that the energy splitting between
bright states decreases for arrays of the same aspect ra-
tio but increasing size. Hence, independent of unit-cell
configurations, only arrays with a width of a few rings
will be suitable to probe extended excitonic delocaliza-
tion through LD.

The same conclusion can be drawn based on a square
unit-cell with non-diagonal interactions, as shown in
Figure 7. The additional interactions produce addi-
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FIG. 6. LD spectra for the triangular lattice configuration
and increasing array size. Insets show the lattice configura-
tion studied and stick polarized spectra. A small asymmetric
array, as in (a), exhibits a larger LD than its double (b) due
to a decreased splitting of polarized states. This can be qual-
itatively understood from the results for the square unit-cell,
eq (7) of the main text.

tional splittings, and arrays with appreciable aspect ratio
(Q/R > 1 or Q/R < 1) still present a dipole moment
redistribution that leads to polarization anisotropy. If
the array is symmetric, the polarized states are not split
in energy and the array shows zero LD, which can be
seen from eq (7) in the main text. These results show
that, independent of the unit-cell geometry, it is possi-
ble to witness LD in general arrays of small width and
appreciable aspect ratio.
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FIG. 7. LD spectra for the square lattice configuration and
non-nearest-neighbor interactions. Insets show the lattice
configuration studied and stick polarized specta. The strip
of dimers in (a) reflects the native organization of LH1s in
membranes containing LH1 and LH2, and exhibits a non-zero
LD. Symmetric arrays (Q = R), as in (b), show zero LD since
the polarized states are degenerate in energy. These results
are qualitatively similar to those for the square unit-cell with
nearest-neighbor interactions, eq (7) of the main text.



Chapter 5:  Quantum Delocalization Directs Antenna Absorption to

Photosynthetic Reaction Centers

Previous work has recognized electronic coherence within tightly-packed light-
harvesting (LH) units or within individual reaction centers (RCs) as an important
ingredient for a complete understanding of excitation energy transfer dynamics.
However, the electronic coherence across RC and LH units has been consistently
neglected as it does not play a significant role during these relatively slow transfer
processes. This chapter examines the absorption process, which has a much shorter
built-in timescale. We demonstrate that the - often overlooked - spatially extended
but short-lived excitonic delocalization across RC and LH units plays a relevant
role in general photosynthetic systems, as it causes a redistribution of direct ab-
sorption towards the charge separation unit. Using the complete core complex of
Rhodospirillum rubrum, we verify experimentally a 90 % increase in the direct opti-
cal absorption of the RC in situ as compared to isolated RCs. Numerical calculations
reveal that similar enhancements can be expected for a wide variety of photosyn-
thetic units in both plant and bacterial systems, suggesting that this mechanism
is conserved across species and providing a clear new design principle for artificial

light-harvesting nanostructures.
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5.1 The Role of Excitonic Couplings

Excitonic dynamics between tightly-packed pigments, such as within the RC
or within the LH units, has been recognized to be of considerable importance for
characterizing their individual optical responses and for determining the associated
time-scales for excitation energy transfer steps [50,58-62]. It is natural then to ask
what role excitonic couplings between RC and LH units play in the primary pro-
cesses, and on what timescale they survive. Long-lasting oscillatory signals measured
in these systems [3-8] have driven a wave of theoretical work that has successfully
explained the experimental observations [9-12], broadened our understanding of the
role of the vibrational environment [2,13-18,20] and hint that coherences may exist
on surprising length- and timescales. These studies have provided input for useful
refinements of models for excitonic energy transfer and confirmed that, even when
assuming the electronic coherence between RC and LH units to survive hundreds
of femtoseconds, its effect on energy transfer processes between LH and RC, which
take place on time scales of tens of picoseconds, is minor [20]. As a consequence,
quantum mechanical excitonic delocalization across RC and LH units has so far been
consistently ignored. However, we will show that for processes that have a built-in
timescale shorter than energy transfer, such as absorption, excitonic delocalisation
among RC and LH pigments may become relevant. These principles are illustrated

in Fig. 5.1 (A).

61



§.,

5%

n??e

5% s !

)

| AA(P-P")

== purified RC: chemical oxidation

= RC-LHI: light oxidation

=== RC—LH1: chemical oxidation

Absorption Decoherence Transfer

1 1 1
800 850 900

~10fs ~100fs ~10ps A (nm)
2-
B C 48
1.5}
;12\ 447
% P70 § = purified RC: Theory
0.5+ = isolated RC 46 — isolated LH1 = RC-LH1I: Theory
— RC-LH1 = RC-LH1
800 850 900
15 A
850 875 900 s Lh- = — (nm)
Nnm Nnm

Figure 5.1: (A) Schematic representation of the R. rubrum RC-LH1 bacteriochloro-
phyll (BChl) pigments. After ~ 100 fs, environment-induced dephasing will degrade
the quantum mechanical delocalization between the antenna and the RC (red shad-
ing), and transforms the state into a statistical mixture of populations residing
either on the antenna or the RC (blue shading). The subsequent EET can be ac-
curately described by incoherent classical hopping [20]. It is known that excitonic
couplings are crucial in an accurate description of the absorption of the P870 band
of the purified RC (B) and the B880 band of the purified LH1 (C) of R. rubrum.
The dark-minus-light spectrum of the complete core complex (D) witnesses spectral
shifts and redistribution of absorption intensity due to excitonic coupling between
RC and LH1, as explained in the main text. The experimental observation can be
reproduced (E) by increasing the absorption intensity of the P870 band by 90 %,
illustrated by the area (yellow) between the spectra for the core complex and for
purified RC, with a concomitant decrease of the B880 band.

5.2  Redistribution of Absorption in the RC-LH1 Core Complex

Excitonic couplings are known to cause spectral shifts and redistribute in-

tensity in the observable corresponding to the absorption process, namely the ab-
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sorption spectrum [63]. Our model RC-LH1 system for exploring excitonic cou-
pling between RC and LH pigments is the core complex of the purple bacterium
R. rubrum [64]. This organism is a fresh-water bacterium found in shallow, turbid
ponds under conditions of low-light intensity and low oxygen tension. The core
complex possesses a photosynthetic RC, containing a “special pair” (P) of bacteri-
ochlorophyll (BChl) molecules which mediate the primary process of light-induced
charge separation, surrounded by an LH1 complex containing 32 BChls arranged
in a protein with ring-like geometry around the RC (Fig. 5.1 (A)). The absorption
spectrum A(\) of the P pigments peaks around 870 nm, whereas the LH1 exhibits
a single absorption band at 880 nm, denoted the P870 band and B880 band, respec-
tively (Fig. 5.1 (B)-(C)). The single LH1 band arises due to the coherent interactions
between the 32 BChls, arranged on a ring with the @), transition dipoles lying almost
tangential to it.

Tracing spectral changes in the core complex due to coherent interactions
between RC and LH1 is complicated experimentally by the fact that the P870 ab-
sorption spectrum overlaps with the much stronger optical response of the LH1
B880 band, as discussed in Ch. 2. We make use of the oxidation of the P-pigments,
P — P, upon excitation, as they donate an electron to the charge separation pro-
cess. Upon oxidation the P870 resonance shifts to 1260 nm, far into the infrared
region, and therefore effectively suppresses the resonant coherent interaction be-
tween P and LH1 pigments [65]. Subtracting core complex spectra of oxidized P
from those of neutral P filters out the overwhelming B880 component and highlights

the changes in the absorbing bands due to the coherent interaction. We carried out
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two independent procedures for the oxidation reaction, P — P¥, namely, optical
excitation or stoichiometric addition— in the dark— of the oxidising agent potassium
ferricyanide. With both procedures we observed difference spectra from core com-
plexes and purified RCs (Fig. 5.1 (D)) which are consistent with a 90 % increase
in P870 absorption in the former over the latter (Fig. 5.1 (B)-(C), (E)). Further

experimental details are given in Appendix 8.

5.3 Theory: Analytical Results.

In this section we show that the key experimental result, a redistribution of
absorption intensity from the B880 band to the P870 band, can be understood by
a simple model with two effective excited states |P870) and |B880)— and associ-
ated dipole moments ﬁpgm and D Bsgo— Which are split in energy by AFE, coherently
coupled with strength V' through the Coulomb exchange interaction between their
transition dipoles. As we will show in the next section, the effects of local dephasing,
which models homogeneous broadening, is reproduced by a simple dressing of stick
spectra, meaning the fully-delocalized states must be used to understand absorption
according to A(X) o |Dy|2. The coherent nature of the coupling is manifested in two
measurable optical signatures: spectral shifts and absorption intensity redistribu-
tions, which, as shown below, scale as (V/AFE)? and V/AE, respectively, to lowest
order. Hence, in the core complex, where coupling among RC and LH1 satisfies
V <« AF, excitonic coupling may lead to a measurable absorption intensity redis-

tribution while leaving spectral positions almost unaffected due to the quadratic
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dependence on (V/AE).
Excitonic properties of membranes subject to low-intensity illumination can

be obtained from the electronic Hamiltonian in the single excitation subspace

A =3 ali) i+ Gl Gl = Y wala) (o (5.1)

where ¢ is the excitation energy of pigment ¢ and C;; is the coupling, through
the Coulomb exchange mechanism, between the @), induced transition dipoles, J;,
of the electronic excited-states |i) and |j) on pigments n and m [63]. The sub-
nanometer distance between neighbouring P-pigments and neighboring ring pig-
ments implies that the nearest-neighbour couplings depend on the geometry of the
electronic wave-function of each chromophore and cannot be inferred directly from
a dipolar interaction in the point-dipole approximation. Couplings on the ring can
be fitted using fluorescence anisotropy measurements, resulting in nearest-neighbor

1

couplings Q; = 600 cm™! and @, = 377 cm™! for the intra- and inter-dimer cou-

plings, respectively [66]. The coupling between P-pigments is taken to be Vp = 400
cm~! [58]. Finally, coupling between LH1 and P-pigments is calculated using the

dipole-dipole interaction

Cog= 7 (AP P = 3(dH" - Ay ) (dL - AFy)) (5.2)

= J(—1)"" sin (Mz) (5.3)
where A7y ; = 71 — 7Pk = 2 is the relative permittivity, d®° = 6.3 D and d“!

7 VR
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= V24 x 6.3 D = 9.8 D to take into account the observed hyperchromism [47],

dLHldP

and J = % =15 cm~! with R = 47 A. Diagonalization of Eq. 5.1 leads to

delocalized wavefunctions (excitons) |a) = . ¢

[

i) and associated excitonic dipole
moments D, = > cd;.

The exciton states of circular aggregates are well-known (see Ref. [51] and Ch.
3), and modeling the LH1 complex with a Cj¢ symmetry allows simple analytical
expressions for spectral observables. Due to the periodic symmetry of the LHI,
its Hamiltonian, from Eq. 5.1, is best examined in the Fourier basis. Considering

degenerate dimers and taking into account only the nearest-neighbour couplings ()4

and (s, this leads to wave-functions

M
1 Amrm
|k v) = > ETETU () (modzy 41 ) (5.4)
=1

/A2 2
M2 cosO(k) —e " ®R)/25in O(k)

Uk) = (5.5)
®®2sin O(k) e *®)/2 cos O(E),

where M =32, k € {—=M/4+1,...,M/4}, [%] is the smallest integer greater than

in 4T
m/2, ©(k) = § and ®(k) = arctan ﬁg’;—;ﬁ%k These angles reflect the “amount of
dimerization”: ®(k) captures the difference between intra- and inter-dimer coupling
(Q1 and @), and O(k) captures the site energy differences (here taken to be zero).

These exciton wavefunctions leading to dipole moments 5;{,,, and energies
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E(k,v)

. H(1) — 2n Ti/va
Dk71 = (5k7ildLH1\/ M/2 COS (M)

2
1/\/5
T/va
~ O o1d" /M2 (5.6)
1/\/5
. i s (20 =\ |
Dk72 - 5k,i1d M/2 sin (T)
+i/v2
~ 0 (5.7)

Elk,v) = e+ (—1)" (Q1 + Qs cos (%k)) | (5.8)

The circular symmetry is manifest in the two-fold degeneracy Ej, = E_j, and the
dipole selection rule D’Iw o Of.+1, and the dimerisation in the splitting by 2(Q; —Q2)
of the energies into two bands, denoted by v.

The concentration of dipole strength in the upper and lower bands is a function
of ®(1) — 27/32 ~ 0, which reflects the amount of dimerisation. As Q1 — @,
®(1) — 27/m and, consequently, more dipole strength is concentrated in the lower
band. For the LH1, more than 99% of the total absorbing strength is in the low-lying
|k = £1, 1), which is responsible for the strong response of the LH1 at F(+1,1) =
880 nm. Since the optical properties are determined by the bright state |k = +1,1),
we consider only the lower manifold and drop the index v in what follows.

The bright P870 band corresponds to absorption by the anti-symmetric super-
position state |P870) since the dipole moments of the P-pigments are anti-parallel.
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Its coherent coupling to the ring excitons is, using Eq. 5.2 and Eq. 5.6,

vVMN
2

Vi, = (PST0| A |k, 1) = 6 41 (Fi) J. (5.9)

This expressions illustrate a selection rule, Vi o< d; 11, for the coupling between P-
pigment and LH1 excitons. Since |P870) only couples to |k = %1, 1), we need only
three levels in order to characterize RC-LH1 interactions. The reduced Hamiltonian

is

AE Vi V4
A =1v: 0 0 |- (5.10)
V5,00

where AE = 130 cm™! is the energy difference between the bright 870 nm and 880
bands, and V; = 6 cm™! using Eq. 5.9. This three-level system can be reduced to
an effective two-level system by choosing a suitable basis for the degenerate k = +1

subspace. This basis is found to be

|B880) = — (e ™ |k =1) + " [k = —1)), (5.11)

Sl- -

0) = —(e™|k=1)— €|k =—1)) (5.12)

where ¢ = arg(Vi). Note that |Dpssol? = M/, In that basis the Hamiltonian
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becomes

AE V 0
A =1v 0 0l (5.13)
0 0 0

where V = /2|Vi| = \/MN/2J = 85 cm™! < AE. The effective two-level Hamilto-
nian in Eq. 5.39 illustrates all the features of extended delocalization in the RC-LH1
system. Diagonalization of Eq. 5.39 leads to delocalized eigenstates and shifted en-

ergies

’P870 > — cos 0 |P870) + sin § | BSS0) | (5.14)
‘388 — — sin6 |P870) + cos | BSS0) | (5.15)
0= = arctan (ig) (5.16)
= % (1 +4/1+ iLEZ) ~ AE (1 + (éy) (5.17)
By = 5 (114 o) ~-28 (55 519
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Figure 5.2: The absorption lineshape of the isolated LH1 (A) can be well-fit by
a Voigt function, which is a convolution of a Lorentzian L(z,7) and a Gaussian
G(z,0) according to V(z, ¢, 0,7, ") = o [* G(2/,0)L(x — c — 2’,v)dz’. Best-
fit parameters al! = 93161 (arb.), ¢ = 879.6 nm, ¢ = 5 nm and v = 19 nm
lead to average error of less than 1 %. The P870 band (B) is well-fit by a sim-
ple Gaussian G(z,c,0,a”) = a¥ /vV2ro2exp(—(x — ¢)?/(20?%)). Best-fit parameters
al’ = 1743 (arb.), ¢ = 870.8 nm and o = 22.4 nm lead to average error of less
than 1 %. According to Eq. 5.23, the absorption intensity redistributed is, in these
arbitrary but absolute units, da = 1557.

Hence, the P870 band energy does not shift to first-order in V/ar < 1, ac-
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cording to Eq. 5.17, but has a modified dipole strength

| Dpsrol* = | cos 0 Dpszo + sin 0 Dssol” (5.19)
— - — V
~ [ Dpsrol® + 2R {Dpsm : DBBSO} (E) (5.20)
MN J
= N (d")* + d”a-, (5.21)

V2 AE

Equation 5.21 shows that the P870 band increases its absorption intensity since
AFE > 0. Hence, the uphill energy landscape, AE > 0, which sets transfer-to-trap
as the bottleneck in the core complex, increases direct absorption in the P870 band.
An equivalent expression can be obtained for the case that the angle between the

@, dipole moments and the ring tangent, Ay, is not zero

MN J

| Dlgrol? = N (dF)? + Wﬁdpcl”“(l — 3sin® Ay), (5.22)

and shows that the tangential orientation, Ay = 0, maximizes dipole redistribution
to the RC. Finally, note that, in accordance with the dipole sum rule, the B880

band strength

| Dsssol* = | cos 8 Disso — sin 6 Dpsrol? (5.23)

decreases by an amount such that the total absorption intensity |5f3880|2+ |5§3870|2+
|Dg|? = M (d=H1)2 + N (dP)? remains constant.

Remarkably, these analytic results give quantitative agreement with experi-
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mental measurement of the absorption redistribution, as shown in Fig. 5.1 (D)-(E).
In short, we fit Gaussian and Voigt functions to the isolated RC and isolated LH1
spectra, respectively, to capture the lineshape and use Eqgs. 5.19 and 5.23 to predict

how the absorption intensity is redistributed according to

Aw) = Y 1D falw = wa) (5.24)

«

where f, is the spectral lineshape of the isolated constituent. The absorption
intensity— that is, the integrated area of the absorption band- is redistributed ac-

cording to

v, Dol pan _
a”’ = == —a" = a" —da (5.25)
| Dpssol?
a’” — a” + da (5.26)

These equations predict a 90 % increase (da/a’’) of absorption intensity in the P870

band.

5.4 Theory: Numerical Results.

The theory used in the last section, in which all the environmental degrees
of freedom are captured by a simple lineshape function, does not take into account
the possibly-nontrivial effects of the fluctuating environment that lead to exciton
dephasing and localization. In this section, the absorption spectrum is calculated

from a microscopic model which takes into account these effects, and it is shown to be
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robust to harsh dephasing, which leads to homogeneous broadening of the spectrum,
and static energy-level fluctuations, which lead to inhomogeneous broadening.

As discussed in Ch. 3, the unpolarized absorption spectrum A(w) is obtained
from the Laplace-Fourier transform of the dipole-dipole correlation function (DDCF)

[67],

Aw) = /0 w(ﬁ(t)ﬁ(o»ewtdt (5.27)
~ / h Tr{e“*D(0)D(0)p® }e™!dt (5.28)
~ Z|ﬁa|2f(w—wa) (5.29)

where p(® = |0) (0] (the ground state) and the propagator e“* contains the Hamilto-
nian evolution, according to Eq. 5.1, as well as the dissipative effects of the environ-
ment which act within the excitation lifetime (homogeneous broadening), modelled
here using a Markovian master equation with the pure-dephasing superoperator
Lap =3, %(cpol — p), with ¢ = |m) (m| — |0) (0| and 4 = 106 cm™', corre-
sponding to a coherence time of 7 = 50 fs. With this dissipative model, the DDCF
decays as exp(—t/7). The homogeneously-broadened spectrum using the DDCF can
be reproduced using the usual, and simpler, procedure of dressing excitonic stick
1 Y2l hom

spectra with a Lorentzian lineshape function, L(w — w,) = = O R (7 v with

LChom = 2 X 74, according to Eq. 5.24 (Fig. 5.3 (C)). Indeed, this exact equivalence
can be shown analytically by examining the evolution of the ground-excited-state

coherence, pg o, under the action of the dissipator, which is the quantity of interest
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when calculating the DDCF.

(O Lapla) == poar Y Wnchch™ = =Ya po.a (5.30)

where the last equality follows because the dephasing rate ~,, = 74 is the same for
all pigments and the exciton states |a) = > ¢ |n) are orthonormal. Hence, the
ground-exciton coherences decouple and decay mono-exponentially with a rate ~g,
which leads to a Lorentzian lineshape identitical to that obtained from the dressing
procedure. However, when the coherence times of the RC and LH1 pigments differ,
the hybrid (delocalized) states have a hybrid width weighted by the probability
amplitudes. That is, the coherences mix because the evolution of py, depends on
Po.or With a # /. Ignoring this mixing enables a dressing procedure whereby the

decay rate is given by

%Of = YRC p?fzc + YLH1 p%Hl? (531)

where Ygpe (vzm1) is the dephasing rate of the RC (LH1) pigments, and p%e (0 41)
is the probability of measuring exciton |a) to be in the RC (LH1). As can be seen
in Fig. 5.3 (C), this procedure overestimates the dark-minus-light contrast, as the
neglected terms mix and destroy the delocalized excitons. In what follows, only equal
coherence times of Trc = 71 = 50 fs will be considered, as 3PEPS (three-pulse
echo peak shift) experiments on both LH1 and RC have measured a homogeneous

width of ~ 200 cm™! &~ kT [49]. All coherences are destroyed using a pure dephasing
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model as the system evolves towards a completely mixed state. Markovian Redfield
equations or the non-Markovian hierarchy equations of motion could provide further
insight into the effects of decoherence on the absorption spectrum, as information
about the spectral density and the consequent inter-exciton dynamics is explicitly
included [68]. In particular, such an approach captures the evolution of the system
towards a near-Boltzmann steady-state distribution of excitons, which is reached

within a few hundred femtoseconds to one picosecond [69].
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Figure 5.3: The homogeneously-broadened (A) isolated LH1, (B) isolated RC and
(C) dark-minus-light spectra calculated using the DDCF, Eq. 5.28, are virtually
indistinguishable from a simple dressing of stick spectra with Lorentzian lineshape
functions according to Eq. 5.24 when the coherence times of the LH1 and RC pig-

ments are the same.
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Figure 5.4: Dressing excitonic stick spectra with homogeneous lineshape functions
and stochastic realizations of static energy-level fluctuations (A)-(B) reproduces
experimentally-measured spectra of the isolated LH1 and isolated RC. The full dark-
minus-light spectrum (C) drops sharply in the red compared to the experiment,
Fig. 5.1 (D), due to spectral inhomogeneities, as discussed in the text. 500,000
realizations of static energy level fluctuations (diagonal disorder).
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The homogeneous dressing function captures the short-time dynamics of the
pigments coupled to their environment, and a Lorentzian lineshape corresponds to
the Markovian dynamics modelled here. However, there is evidence that the time
evolution of the P-pigments, the excited states of which have some charge-transfer
character, is non-Markovian [58]. Less-harsh non-Markovian dynamics can lead to
a decay of the DDCF which goes as exp(—(t/7)?). The corresponding lineshape is

1

also Gaussian G(w —wy) = ————exp (—(w — wa)?/(202,,,,)) With Trom = V2 X 4.

2
2W0 o

The quasi-static fluctuations of the excitation energies (inhomogeneous broadening)
can be modelled by performing stochastic realizations of the homogeneous spectrum
with ¢; = ¢ + J¢, in Eq. 5.1, where ., is drawn from a Gaussian distribution with
a standard deviation of o2l == 325 cm™! for the LH1 and ¢Z¢ =~ = 385 cm™*
for the P-pigments. Since the results from the DDCF are equivalent to the simple
dressing procedure at the homogeneous level, the complete spectrum (homogeneous
+ inhomogeneous broadening) is calculated by performing stochastic averages of the
dressed stick spectra due to computational complexity. This procedure, dressing
the stick spectra of the P-pigments with Lorentzians and Gaussians, reproduces the
experimentally-measured absorption spectrum of isolated LH1 and isolated RC, see
Fig. 5.4 (B)-(C).

The calculated dark-minus-light spectrum of the complete core complex is ro-
bust to the microscopic details of environmental effects, Fig. 5.4 (C), but the exper-
imental dark-minus-light spectrum cannot be well-fit with our parameters (compare
to Fig. 5.1 (D)-(E)). A better fit is obtained if the inhomogneities are decreased, as

dipole strength is not redistributed to higher-lying dark states of the LH1, which

78



1.5p=
Decreasing
inhomogeneity
PR EEEEEERY AR N O
+
i
e
é == purified RC
0.5 RC-LH1: oy = 325 cm”
RC-LHI: oy, = 285 cm™!
m= RC-LHIl: oy, =210 cm™!
- RC-LHl: o4, =0 (im'1 .
g25 850 875 900

A nm

Figure 5.5: Inhomogeneous broadening, o1, of the LH1 absorption spectrum dis-
tributes dipole strength to dark states which may be close to resonance with the P870
exciton. Decreasing the spectral inhomogeneities of the LH1 leads to a better fit of
the experimental dark-minus-light spectrum. For o5 = 325 ecm™t, J = 3.75 cm ™1,
for org1 = 285 em™!, J = 3.25 em ™!, for o = 210 em™t, J = 2.5 cm ™! and for
o1 = 0 em™, J = 1.5 em™!. Values ranging from J = 1.4 cm™! to J = 3.35
cm~! have been taken in the literature [70,71]. For the opg; = 210 cm™! dark-
minus-light spectrum, nearest-neighbor couplings were changed to Q; = 300 cm™*,

Q2 = 233 ecm™! [71].
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couple to the RC excitons and change the dark-minus-light lineshape (Fig. 5.5).

1

An increased dephasing rate of v, = 212 cm™, corresponding to a dephasing time

LH1

LH1 ~— 210 cm™! to capture

of 25 fs, requires an inhomogeneous broadening of o
the experimental width, and leads to a better fit. A better fit is also obtained
by decreasing the nearest-neighbor couplings on the LH1 ring to Q; = 300 cm™!
and Qo = 233 cm™! [71]; the homogeneous broadening remains fixed at v; = 106

cm~!. This decreases the gap between exciton states according to Eq. 5.8 and,

LH1
inhom

consequently, a smaller inhomogeneous broadening, o = 285 cm ™!, is required
to recover the experimental spectral width as dipole strength is more easily redis-
tributed to the higher-lying dark states. Experimental measurements of fluorescence
anisotropy of LH1 provide evidence for a predominance of homogeneous broaden-
ing at room temperature [57,72-74], an assumption which would lead to the well-fit
spectrum of Fig. 5.1 (E). In summary, the redistribution of absorption intensity is ro-
bust to the harsh dephasing and large inhomogeneities taken here, but a microscopic
model with smaller inhomogeneities— perhaps justified with Redfield equations or

the hierarchichal equations of motion and an explicit spectral density— is required

for quantitative agreement.

5.5 Population Redistribution

The enhanced absorption of the P870 band leads to the excitation of a state
that is partially delocalized over P and LH1 pigments, so it is not immediately

clear that increased absorption at 870 nm implies the increased excitation of the P-
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pigments, which is desirable as it places excitations directly where charge separation
takes place. Under weak incoherent illumination, the excitation rate R, can be
determined by Fermi’s Golden Rule, and hence R, o< |D,|>. We have shown that
absorption is best described by states |o’) which are delocalized over the RC and
LH unit. Hence, the distribution of excited states upon excitation, p®*, is best-
described by a statistical mixture of the delocalized states |o'), with weights given

by their respective excitation rates, and hence, their dipole strengths

:» / / ,ﬁa,Q / /
pemc:ZaR |a><a|:Za| ||04><04|' (5.32)

o Ra S, [Dul
Hence, the population in the special pair is calculated, using equations 5.14, 5.15,

5.19 and 5.23, to be

Pp = Tr {¢*|P) (P|} (5.33)

\5p870|2(3 + cos40) + 2R {5}870 . 53880} sin 40 + ]53880|2(1 — cos40)
4(|5P870‘2 + |53880’2 + |5®|2)

(5.34)

where T'r is the trace operation. The results for the RC-LH1 geometry can be gen-
eralized to any number of M excitonically-coupled harvesting units encircling the
N pigments that initiate charge separation in the RC using |Dpspo|? = N |dFC|2,
| Dpsso|? = M/2 |d“H1 |2 and | Dg|? = M/2 |d“H1|2. The requirement that many harvest-
ing pigments should surround fewer charge separation pigments in order to increase

the excitation of charge separation pigments, is illustrated by expanding Eq. 5.34
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to second order in ;% and assuming, for simplicity, |d“"!|? = |dRO 2

Pp:MiN <N+\/W<A—VE>+(M—2N) <é>2+...>. (5.35)

In the particular case of the core complex these correspond to M = 32 pigments for
the LH1 and N = 2 pigments for the special pair. Full numerical simulations of the
complete core complex result in a two-fold average increase of population Pp due to
extended delocalization over antenna pigments, and it provides the initial condition
for dynamical simulations of Excitation Energy Transfer (EET), described in a later

section.

5.6 Extension to Other Species and Higher Plants

The redirection of excitation towards the special pair due to extended quantum
delocalization can be generalized to other organisms by theoretical analysis. When
environmentally-induced disorder is included, numerical simulations predict similar
redistributions of excitation population in purple bacteria species Rb. sphaeroides
and Rps. palustris (N = 2, M = 28 — 32), which show structural deviations from a

closed circular ring, see Fig. 5.6.
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Figure 5.6: (A) The RC spectra of purple bacteria species Rb. sphaeroides shows an
enhancement of the special pair absorption when delocalization over its harvesting
antenna LH1 is taken into account. The calculated spectra of the isolated RC (solid
blue), of the RC-LH1 using the bare BChl dipole moment 6.3 D (dashed black) and
of the RC-LH1 using a hyperchromic dipole moment /2.4 6.3 D = 9.8 D (dash-
dotted red). Hyperchromism in this case refers to the dipole strength borrowing of
the Q, band from the Soret band, leading to a larger apparent dipole moment. (B)
The purple bacteria species Rps. palustris could exhibit an elliptical and broken
ring, as pictured in the inset. Despite these structural perturbations, the special
pair band exhibits an enhancement when extended delocalization over the antenna
complex is taken into account (dash-dotted red) as compared to the isolated RC
(solid blue). Simulations performed by F.C.-S.

To explore the effects of extended delocalization in Photosystem 1 (PS1) and
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Photosystem 2 (PS2), the main light-harvesting photo-units in higher plants [75],
we examine Hamiltonians of the form

eV
A = (5.36)

V. I
where o is the Hamiltonian of the full RC alone and 7y is the Hamiltonian
of the isolated antenna complexes. The coupling between RC and LH pigments is
captured by the matrix V. In this simplified calculation, site energies are taken
from the literature and couplings between pigments are calculated in the point-
dipole approximation using d = 448 D, k = 1 and d = 4.4 D, k = 1.5 for PS1
and PS2, respectively [76-78]. Dipole moments, ﬁi, are calculated along the direc-
tion connecting the Ng and Np atoms of the porphyrin rings of each chlorophyll
using the atomic coordinates taken from the X-ray structures (Protein Data Bank
(PDB) accession codes 1JB0 and 3ARC, the latter now obsolete and superseded
by 3WU2), and rotated 15° towards N¢ in the case of PS2 [33,79]. Fluctuations
in the pigment energies, drawn from a Gaussian distribution, capture spectral in-
homogeneities, which are known to fluctuate with temperature. We take Gaussian
standard deviations of ¢ = 80 cm™" (fit from low temperature spectra) and o = 28
cm ™! (fit from room temperature spectra) for PS1 and PS2, respectively [80,81]. For
each realization of the Hamiltonian, 7, we find a unitary U which diagonalizes it

and calculate the dipole moments of the exciton states, |k) = >, U, |i), according
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to D/}, = > UlkﬁZ The population in the P pigments is calculated according to:

5/ 2
oo _ allaPla) (ol 5

S, D2

Pp =Y _Tr{p™|P)(P]}. (5.38)

i=1

where N = 2 for PS1 and PS2 monomer and N = 4 for the PS2 dimer. We compare
the calculation of equation 5.38 for V' = 0 (uncoupled RC and antennae) and V' # 0
(coherently coupled RC and antennae). In PS1 (N = 2, M = 83), our analysis, sum-
marized in Figs. 5.7 and 5.8, indicates a 14 % increase of the excitation population of
the P-pigments due to excitonic delocalization over antenna pigments. For the PS2
we predict a 12 % increase in P-excitation for both the monomer (N = 2, M = 35)
and natural dimeric structure (N = 4, M = 70). These calculations predict an in-
crease in the excitation of P pigments due to excitonic delocalisation over antenna
chlorophylls observed in the X-ray structures. Excitation redistribution from an-
tenna to P pigments is robust to, albeit reduced by, disorder. A more sophisticated
calculation, which we leave for a future work, will likely require the determination of
nearest-neighbor couplings beyond the dipole-dipole approximation, which is known

to break down at distances of approximately 10 A.
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Figure 5.7: Excitation redistribution from antenna to P pigments in PS1 (A) and
PS2 (B) is robust to Gaussian disorder in the site energies. The average change of
P population in PS1 shifts from +23% with no disorder to +14% with 80 cm™! in-
homogeneous broadening; the distribution has a Lorentzian FWHM of 20%. In the
PS2 dimer, the redistribution shifts from +16% with no disorder to +12%, Gaus-
sian std 11%, with 28 cm~! inhomogeneous broadening, and the PS2 monomer shifts
from —11% to +12%, std +15%, with the same inhomogeneous broadening. Hence,
although disorder eliminates the difference between the PS2 dimer and monomer in
average, extended couplings in the dimer increase robustness to site energy fluctu-
ations, as the distribution is narrower for the dimer.

5.7 Design Principles: Population Redistribution

In fact, Eq. 5.34 holds generally for any excitonic system which can be reduced,
by symmetry and the subsequent selection rules, to a two-level system. It is interest-
ing, then, to examine the extent to which the design of the LH1-RC unit is optimized
with respect to the population redistribution due to excitonic delocalization, as such
a study may suggest general design principles for efficient light-harvesting. As shown

above, the population in the “target” pigments, Pr — in the case that the excitonic
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system can be reduced to a two-level system
H = (5.39)

due to symmetry/selection rules— depends on the dipole moments of the isolated

target and antenna excitonic bands ET and D A, respectively, according to

Pp=Tr{p™|T)(T|} (5.40)

1 .
=——— ! |Drf? 4
4(M—|—N)d2{| 7]7(3 + cos 40)+

+2§R{5§;-5A}sin49+

+|DAP(1 - cos49)} (5.41)

where M and N are the total number of antenna and target pigments, respectively
and 0 = %arctan (i—‘g) Assuming that R {5} . 5A} = DrD 4, which holds in the
cases we will consider, the optimal angle 6 (that is, the optimal energy landscape),

can be found according to

DrD
&EO—ManélH: 2DrDa

e a—— .42
a8 D2 — D2 (542)
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Choosing this energy landscape, the maximal population in the target pigments is
then

D% +2D3

Pm&l‘ — .
r 2(M + N)

(5.43)

On the other hand, if one considers a landscape in which the system is resonant,
AE — 0, then 6 — 7/4 and the population redistributed is

D% + D2

pres —
T 7 2M+NY

(5.44)

which is smaller (P} < Ppe®).
In the case of the RC-LH1, where the antenna dipoles are tangent to the ring,
the dipole strength is concentrated in two exciton states £ = +1, but only one of

these states couples to the RC, so we have

— M —
|D4J? = 5 |Dr|* = N (5.45)
M/2 +2N 1
ppas — /2T 2T - 5.46
T T M1 N) M 4 (5.46)
M/2+ N 1
pres = M/2+ (5.47)

—_— — .

However, if the dipoles are perpendicular to the plane of the ring and parallel

(like a “sheaf of arrows”), the dipole strength is concentrated in a single exciton
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state k = 0, and the population redistribution is even greater

Dal? = M, |Brf2 = N (5.48)
e M 2N 1

P = ST N) v 3 (5.49)
res M+ N 1
T T M+ N) Moo 2 (550)

These expressions show that, by a suitable choice of geometry and energy landscape,
one can direct more than 50 % of the excitation to the target pigments. Numerical
calculations which explore random pigment arrangements show that Eq. 5.49 is the

best that one can do.
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Figure 5.8: Using a simplified model for a general circular aggregate (A) and (B),
the percent increase of the initial excitation of the P-pigments is calculated as a
function of the number N of P-pigments and number M of LH pigments. The
enhancement of direct P-pigment excitation requires N < M and is maximized
for M ~ 20 —25. PS1 (C) and PS2 (D) exhibit clustering of many LH pigments
around fewer RC pigments (bound in dark blue). The excitation population of the P-
pigments (dark blue arrows) increases when extended delocalization over all antenna
pigments (bound in green) is taken into account. Error bound corresponds to the
width of distribution when averaging over the effects of environmental disorder.

However, it is important to note that, as the number of ring pigments increases,
the radius of the ring increases linearly for a fixed inter-pigment distance. In the
case of the RC-LH1 this distance is likely fixed by the protein a8 subunit. Hence,
the coupling between antenna exciton and target exciton is V = J @ (%)3 if the
dipoles are in the plane of, and tangent to, the ring and V = JVMN (3—]\3)3 if the

dipoles are perpendicular to the plane of the ring (and hence parallel to each other).
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Fig. 5.8 plots the percent increase in P-population due to extended delocalization

(Pp ~ NJ(M + N))

APp = TN x 100 (5.51)

for varying M and N using the population redistribution Eq. 5.41 with J = 1.5
cm™!. Figure 5.8 (A) and (B) shows that the optimal population redistribution
from LH to RC occurs when the RC contains a small number of pigments, N, able
to initiate charge separation, while the LH unit contains a few tens of pigments,
M, ie. N < M, as expected from Eq. 5.35. Photosynthetic complexes typically
contain N = 2 pigments which promote charge separation. In this case, the maximal
enhancement for direct excitation is achieved with M ~ 20 — 25 pigments in the
LH unit, closely resembling the LH1 structure. The RC-LH configuration with all

dipoles parallel to each other and perpendicular to the plane of the ring, Fig. 5.8 (B),

shows enhancements of greater than 300 %.
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5.8 Charge Separation Dynamics
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Figure 5.9: (A) Transport dynamics in R. rubrum can be accurately modeled us-
ing classical rate equations. (B) Both the initial excitation of P-pigments (Pp(t)
(dashed lines)) and the resulting process of charge separation, Pp+(t) (solid lines),
are increased when absorption is delocalized across the core complex (red) as com-
pared to absorption occuring either on the RC or LH1 (blue). The enhancement
is relevant on a timescale comparable to the charge separation process (3 ps, grey
line), well before EET from LH1 to RC takes place (~40 ps). The initial excitation
2

of P-pigments increases from 2 to 4; (an increase of 100%), and results in a ~ 1%

increase in photosynthetic efficiency at long times.

The EET between the RC and LH1 occurs via a Coulomb exchange mechanism
on a picosecond time-scale [28], while vibrational dephasing destroys coherences in
hundreds of femtoseconds [3,82]. The Coulomb interaction de-excites an initially
excited electron in the donor complex while simultaneously exciting an electron in
the acceptor complex. As dephasing occurs, the excited states of donor and acceptor
acquire random relative phases, which inhibits quantum mechanical delocalization.

Transfer rates measured from pump-probe experiments agree with those obtained
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from calculations using generalized Forster theory [28]. The theoretical approach
to date averages transfer from different excitonic delocalized states from a donor
complex, assumed to be in a canonical equilibrium of excited states, to the acceptor
complex. LH1— RC transfer occurs through the second and third lowest exciton
lying states, giving rates in agreement with an experimentally measured transfer
time of f = 40 ps [83,84]. Back transfer from RC to LH1 occurs in a calculated time
of b = 8.1 ps [85], close to the experimentally measured 7-9 ps, which was estimated
from decay kinetics after RC excitation [86], and further verified numerically by
careful modelling of environmental effects [70]. The first electron transfer step,
P* — P7*, occurs in the RC within ¢ = 3 ps [87]. Fluorescence, inter-system
crossing, internal conversion and further dissipative mechanisms, have been included
in kinetic models with a single lifetime of I = 250 ps [72]. The rates are presented
schematically in Fig. 5.9.

Excitonic transfer among LH1 and RC pigments occurs in a regime where co-
herent delocalisation across RC and LH1 shows no appreciable effects [70]. There-
fore, to describe excitation transfer in the core complex a model of classical rate

equations taking into account LH1, P, a charge separation state PT and a loss sink
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is sufficient. The system evolves according to

. B 1 +1 1
PLH1 = prHl pr lpLHl
. _1 1 1 1
pP—prHl pr CPP ZPP
. 1
bp+ = —PpP
c
1

Dioss = 7 (pL +pp),

with the initial conditions

Ploss (0) =0.

(5.52)

(5.53)

For the case of coherently coupled LH1-RC, Pp follows from Eq. 5.33, while Pp =

N/(N + M) when the interaction between P-pigments and the LH1 is neglected. As

shown in Fig. 5.9 (B), the probability of charge separation, Pp+(t), increases very

slightly (about 1 % at long times) as extended delocalization focuses the excitation

into the special pair, allowing the excitation to avoid the slow transfer step from

LH1 to RC. This increase in charge separation provides a quantitative link between

a coherent quantum effect and enhanced functionality, although it may be too small

to be biologically relevant or exert evolutionary pressure.
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5.9 Design Principles: Charge Separation Dynamics

The effects of the population redistribution on subsequent charge separation
can be better understood by a close examination of Eqs. 5.52, which can be solved

analytically for the probability of charge separation at long times

L+ /P ) . (5.54)

pp+(t = 00) = bl (cfl+b(c+l)(f+l)

We are interested in the increase of charge separation due to extended delocalization,
which changes the initial condition Pp. Defining 6 = 314 to be the initial population
in the P-pigments without extended delocalization, and & ~ i > ¢ with extended
delocalization, the percent increase in charge separation, which is the change in
efficiency Ae, is given by:

_f(6-9)
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Figure 5.10: Increase in efficiency due to quantum delocalization as a function of
the relevant incoherent transfer rates, [ and f, according to equation 5.55. Since
transfer between light-harvesting units occurs much more quickly than excitation
loss (I/f ~ 6), the increase in efficiency is small for R. rubrum. However, this plot
illustrates that this design principle could lead to higher increases in efficiency in
artificial systems like quantum dots and, in general, when the system is limited by
loss (I/f < 1).

Figure 5.10 shows the increase in charge separation according to Eq. 5.55
for variable values of I/ f, the ratio of the dissipation to the forward transfer time
scales, which determines the increase in efficiency. Since f > [ in R. rubrum, charge
separation is very efficient (~ 83%) and the benefit from population redistribution
due to extended delocalization is small (~ 1%). However, for lossy systems f < [, the
benefit of extended delocalization can be very large. Figure 5.11, discussed below,
gives a concrete example of a system where the probability of charge separation

increases from 0.21 to 0.33, an increase in efficiency of 54 %.
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Figure 5.11: Tuning the resonance condition, AE = 9 cm™!, maximizes the pop-

ulation redistribution (Pp = 33 = 0.29) according to Eq. 5.34, leading to a 400 %
increase in direct excitation of the P-pigments. For a situation in which the pig-
ments are subject to fast losses ( f = 40 ps, b = 8 ps, ¢ = 3 ps, | = 15 ps), the
population redistribution increases the probability of charge separation from 0.21 to
0.33, a 54 % increase in efficiency.

A quantitative understanding of light harvesting in the LH1-RC complex illu-
minates clear design principles for devices engineered to direct light collection. These
principles could prevent photobleaching and lengthen the lifetime of harvesting de-
vices by directing absorption to stable target pigments, in addition to increasing the
efficiency from photon absorption to charge separation. By tuning the resonance
condition AFE in a ring-like geometry, a 400% increase in the absorption of a few
target pigments can be achieved. Moreover, in devices where dissipation is fast (~
15 ps as opposed to 250 ps in LH1 [72]), these configurations will lead to a 54% gain

in achieving charge separation following photon absorption.
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5.10 Outlook

In conclusion, theoretical considerations have led us to identify a new design
principle which exploits quantum delocalization to redirect light absorption to the
RC in several photosynthetic systems. Given the generality of the design principle
described here, it is tempting to equate this principle with increased evolutionary
fitness of certain biological systems. We use the term evolutionary fitness here to
describe an adaptive property which may help an organism survive under given en-
vironmental conditions (e.g. low light intensity), and not in its usual context of
increased growth rate, which may be determined by other factors not under consid-
eration here. We have verified this principle experimentally in the core complexes of
R. rubrum, and our detailed theoretical analysis illuminates clear guidelines for the
design of light-harvesting devices that direct photon absorption. This new quan-
tum design principle provides a quantitative link between structure and function,

broadening our understanding of the role of quantum mechanics in light harvesting.
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Chapter 6: Collective Plasmon Resonance Directs Absorption

in Metal-Nanoparticle Arrays

The main task of this thesis has been to describe the changes to absorption
spectra, and the consequently modified excitation transport, when a light-harvesting
(LH) antenna is coupled to a reaction center (RC), where charge separation takes
place. It was shown that, regardless of the coherent or incoherent nature of trans-
port, absorption is a coherent process. Accordingly, extended delocalization over
the LH antenna and RC must be taken into account in an accurate description of
the absorption process. It was shown that this (quantum-mechanical) collective ef-
fect directs absorption to the RC, enhancing the photosynthetic efficiency as less
excitation must travel from the antenna to the RC, possibly decaying and being
lost along the way. In this chapter, we examine a mesoscopic system of classical
dipoles which is calculated to exhibit the same behavior. In particular, we propose
an experiment involving commercially-available polarizable metal nanoparticles an-
chored to a 2-dimensional scaffold of DNA in a circular arrangement resembling
the RC-LH1 core complex. It will be shown that the collective resonances of the
system can be engineered such that the absorption of a central, spectrally-distinct

nanoparticle can be increased by 60 %. This represents the first step towards an
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Figure 6.1: Measured extinction (the sum of scattering and absorption) of
commercially-available gold (A) and silver (B) nanoparticles (reproduced from Ref.
/88, 89]). Theoretically, the collective plasmonic resonance of the surface electrons
can be described, when sufficiently far from the nanoparticle, using Mie theory trun-
cated at the dipolar term. In this formalism, the metal nanoparticle is a polarizable
dielectric which emits a dipole field, as in (C), when excited by a polarized field.
The calculated absorption of 10 nm nanoparticles using this theory (D) agrees well
with experiment.

artificial nano-device which exploits the tunable funnelling of absorption in order to
optimize light-harvesting. Finally, the analytical results derived here are general to
polarizable media, and we leave open to speculation the application of these princi-
ples to other wavelength regimes. The microwave regime, for example, could have

consequences for wireless communication and charging of personal electronics.
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6.1 Plasmonic Resonance of Metal Nanoparticles

The metal nanoparticles we will consider are mesoscopic objects (radius a =
10 nm) and there are consequently many electrons (~ 10°- 10°, as compared to
~ 10 in the case of BChl) involved in the (classically) coherent oscillations driven
by light [90]. These oscillations are indeed classically coherent, as it is known from
hole-burning experiments that the (quantum) coherence time is about 10 femtosec-
onds [91,92]. The frequent collisions quickly destroy quantum superpositions, and
a classical theory is sufficient. Consequently, a theory of their optical properties
considers metal nanoparticles as spherical dielectrics with a classical polarizability
a and permittivity €, modelled using a Drude spectral density, excited by light with

electric field E

d=akb (6.1)
alw) = a?’EEZ; 1 ; (6.2)
e(w) =1 w(wwj iv)’ (6.3)

where ¢ = 10 nm is the radius of the nanoparticle, and the width v and plasma
frequency w, are chosen— or derived from boundary conditions, like particle size—
such that the single particle spectrum (resonance wy = w,/v/3) agrees with exper-
iment [92-94]. Hole-burning experiments on Au nanoparticles find a homogeneous
width of 25 THz, but we take v4, = a4y, = 50 THz, for gold (Au) and silver (Ag)

nanoparticles, to reproduce the full experimental width. A more rigorous calcu-
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lation would take into account inhomogeneous broadening by stochastic averages
over excitation energy, as in Ch. 4 and Ch. 5, and is left for a future work. The
polarizability is derived by enforcing Maxwell’s equations at the interface between
the nanoparticle and the surrounding medium [90]. As the particle is polarizable,
the induced dipole moment aligns with the field, which will play an important role

in the following. An expression for the extinction coefficient is well-known

N

o(w) wZIm (E : CZ;) . (6.4)

i=1

This simple theory, known as Mie theory, reproduces experimental absorption spec-
tra, as shown in Fig. 6.1. Importantly, the plasmon resonance is red-shifted for

increasing nanoparticle size.

6.2 Collective Resonance: Two Nanoparticles

When multiple nanoparticles are brought in proximity, the total field experi-
enced by nanoparticle ¢ upon excitation is composed of the external incident field,
Em,i and the induced electric field emitted from other nanoparticles Emd’i. Hence,
an aggregation of metal nanoparticles exhibits modified optical properties. This
effect has been observed in systems of metal nanoparticles tethered to DNA helices,
where the collective plasmon resonance of the nanoparticles mirrors the geometry of
the helix, leading to a non-zero circular-dichroism (CD) signal in the visible [95,96].

Mathematically, the induced dipole moments of the collective system obey the set
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of coupled equations
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where 71;; = };/r;;. If the separation between nanoparticles is much smaller than
the wavelength, kr;; < A, retardation effects can be ignored and Eq. 6.6 simplifies

greatly

—

. 3(d; - ;)i — d
indi = Z ’ Jr?.’. A (6.7)
i 7

S

The most important features of the collective resonance can be understood by ex-
amining a system of two coupled particles as illustrated in Fig. 6.2. The particles
are separated by 7= 3 x a £ = 30 nm Z. The incident light is assumed to propa-
gate along the z-axis with polarization Eezm- = Ey(sin bz + cosfy). Equations 6.5
decouple along different axes, leaving the system of equations, using the simplified

theory of Eq. 6.7

2d3
di =« (EO sin 0 + Z ) (6.8)
JFi
d?
d =« EOCOSQ—ZT—é : (6.9)
G
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These equations can be solved by simple substitution to yield

sin 0

= _2a

di = OéE() r3 (610)
cos
1+

L = do. (6.11)

The shifted collective resonances illustrated in Fig. 6.2 can be understood by
Eq. 6.10-6.11. If the incident field is polarized perpendicular to the vector con-
necting the nanoparticles (# = 0), the induced field is anti-parallel to the incident
field, and the collective resonance shifts to the blue 10 nm due to the plus sign in
the denominator of the y-component in Eq. 6.10. If the incident field is polarized
parallel to the vector connecting the nanoparticles (f = 7/2), the induced field is
parallel to the incident field, and the collective resonance shifts to the red 20 nm due
the minus sign in the denominator of the x-component in Eq. 6.10. In addition, the
factor of two in the denominator of the x-component means the red shift is larger

than the respective blue shift, as illustrated in Fig. 6.2.
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Figure 6.2: The dipolar Mie theory of Eqgs. 6.5-6.6, illustrates the effect on the
collective resonance when metal nanoparticles are in close proximity. If the incident
field is polarized (A) perpendicular to the vector connecting the nanoparticles, the
induced field is anti-parallel to the incident field, and the collective resonance shifts
to the blue. If the incident field is polarized (B) parallel to the vector connecting
the nanoparticles, the induced field is parallel to the incident field, and the collec-
tive resonance shifts to the red. The resonances also become broader due to the

collective decay. This behavior has been measured experimentally in pairs of gold
nanoparticles [97].

6.3 Collective Resonance: Ring of Nanoparticles

The results for two particles can easily be extended to a ring of nanoparticles as

in Fig. 6.3, which we propose to use as an analogue of the light-harvesting antenna
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in purple bacteria. In our proposed set-up, N = 6 gold nanoparticles are placed on

a ring of radius 70 nm, so that the distance between nearest-neighbors on the ring

is r = 3a = 30 nm and kr = 30 nm/524 nm = 0.06 < 1. The polarization of the

light is chosen to be perpendicular to the plane of the ring such that J; -7y = 0, for

reasons which will become clear when we consider the RC-LH1 analogue below. The

dipole moments in such a configuration obey a very simple set of coupled equations,

using the simplified induced fields of Eq. 6.7,

Eemt — aF (ez(krlfwt% ’el(kerwt))
0 L L
T
1 1
ind = —Q
1 1
5 om Y
31 32
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This inhomogeneous system of equations which can be solved using the standard

methods

D=01—Fia) Erue (6.17)
(1-Fo) ' =GN G (6.18)

Aped Sva
where ) diagonalizes (1 — ?md) and A jl = 0;;/\i, where ); is the i eigenvalue.
Considering the circular aggregate with nearest-neighbor couplings, the coupling

matrix ?md takes the form

010 1
101 0
(e
?mdz—; 010 ...0]- (6.19)
100 ...0

The periodicity of (1 — ?md) means it can be diagonalized by a Fourier transform

> 1 on
Q qm — \/_Nelivqm (620)

a 2m
A =1+ 27'_3 Ccos (Wq) . (6.21)

We again assume that k r &~ constant across the ring such that the field experienced
by each dipole is the same, i.e. E..; = aEg (1,...,1). Due to a selection rule for q =

0 (ie. >, e2™/Nam = N§, ), a very simple expression exists for the dipole moments

107



on the ring

where the factor of two in the denominator, as compared to Eq. 6.10 for # = 0, arises
due to the two nearest-neighbors of each nanoparticle in the circular aggregate.

Derivation:

- S a e JTR e PN
Ay = ( Q A ! Q E)m
S dE v JEFIR e JEN
= Z Qm,nAnéquEr
n,q,r
g 1 R
= Z Qm,n (A_énq> quEr
n,q,r q
>
Qma 45
5y ey,
q ¢ r
QEO et2m/Nma i2m/Nqr
QEO 6127r/qu
= N,
N &~ "
CXE() CYEQ
pu— = -2
oo 1+25 (6.23)

Hence, the absorption of a ring is given by

o(w) x wN|Ey|*Im (1+2%> . (6.24)

T
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The results are shown in Fig. 6.3. The most important feature is the blue shift of
20 nm, which is determined by the geometry of the set-up, i.e. through the value of

a(w)/r? in the denominator of Eq. 6.22.

A Au

NP

70 nm

OJes!!

v
>
100 nm
B 1
= 1 Au NP

0.75F = 6 Au NP ring:
E full theory
@
5 0.5 = 6 Au NP ring:
-1 simple theory

0.25

1 I I
400 450 500 550
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Figure 6.3: Six Au NP of radius 10 nm (A) anchored to a DNA scaffold of dimen-
sions 70 nm x 100 nm is proposed as an analogue to the light-harvesting antenna in
purple bacteria. Due to the dipolar fields induced by the applied field, with polar-
ization perpendicular to the plane of the ring, the collective resonance of the system
(B) is shifted 20 nm to the blue. The full theory, Eq. 6.6, includes retardation
effects and the induced fields of all neighbors, while the simplified theory, Eq. 6.22,
ignores retardation effects (kr = 0) and takes into account only nearest-neighbor
interactions.
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6.4 Collective Resonance: RC-LH1 Analogue

We can easily extend these results to an RC-LH1 analogue, where a silver (Ag)
nanoparticle (with polarizability o/(w) and dielectric function €'(w)) is placed in the

middle of the ring. The ring and RC nanoparticles have induced dipole moments

drine = 3" drime = O F, - SRR (6.25)
- 1+ =5 5%
/
A = o/ By — ——d s (6.26)
T
RC

where rgc = 30 nm is the distance between the central RC Ag nanoparticle and the
antenna Au nanoparticles. This system of equations is completely determined for

d""9 and dRC and can be solved again by simple substitution.

o’ 2a
g Na (1= (LH58)Y
AT — T ( 1Rj o E, (6.27)
r TRC
_ Nao 1
7RC / rre 1435 | &
d = W E(). (628)
The

The absorption is calculated using the full and reduced models in Fig. 6.4. The sys-
tem has been constructed in such a way that the collective resonance corresponding
to absorption at the RC has increased by 60 %. This system also has the benefit
that the antenna and RC-analogue bands are spectrally resolvable, which makes for
an easy read-out and interpretation of the acquired spectra. The increase is lim-

ited here by the large energy gap between the resonances of commercially-available
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gold and silver nanoparticle (~ 5000 cm™!), and larger increases can be expected
by tuning these resonances by modifying the particle size and/or composition. The
proposed system represents the first step towards creating an artificial biomemetic
nano-device which would direct absorption towards target pigments, where charge

separation could take place, or photo-protection of fast-bleaching pigments.
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Figure 6.4: Six Au NP of radius 10 nm and a single Au NP or radius 10 nm (A)
anchored to a DNA scaffold of dimensions 70 nm x 100 nm is proposed as an
analogue to the RC-LH1 complex in purple bacteria. The collective resonances (B)
of the coupled RC-LH1-analogue system are repelled with respect to the uncoupled,
or isolated, antenna and RC. In addition, the absorption is directed in such a way
that the RC-analogue absorbs 60% more light. The full theory, Eq. 6.6, includes
retardation effects and the induced fields of all neighbors, while the simplified theory,
Eq. 6.27-6.28, ignores retardation effects (kr = 0) and takes into account only
nearest-neighbor interactions on the ring.

6.5 Effects of Polarization Angle

In the above discussion, the 2D assembly was assumed to lie in the x-y plane,

and the light field to propogate in that plane with a polarization along the z-axis.
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That is, the polarization of the light field is perpendicular to the vectors connecting
the particles. The reason for this choice can be understood by the simple example
quantified by Eqgs. 6.10. There, and in Fig. 6.2, it is shown that such a configuration
of particles and field leads to a blue-shifted absorption of the collective resonance.
This is an advantageous set-up in the RC-LH1 analogue because (1) the collective
Au resonance is then shifted closer to the higher-lying Ag resonance, increasing the
redistribution of absorption and (2) the induced dipoles on the ring and the RC-
analogue are parallel, leading to maximal coupling and an increase of the effect.

Indeed, if the field is partially polarized in the x-y plane according to

—

Eeyti = Eo(sin 0 cos ¢ + sin 6 sin ¢y + cos 02), (6.29)

the absorption redistribution to the Au band decreases with increasing 6, as shown

in Fig. 6.5.

6.6 Outlook

In this chapter we have taken the first step towards exploiting the lessons
learned in Ch. 2-5 about bacterial light-harvesting in order to create an artificial
light-harvesting nano-device. Using techniques and tools common to today’s labo-
ratories — DNA origami and metal nanoparticles — we proposed an analogue to the
RC-LH1 complex in purple bacteria which, according to our calculations, can redis-
tribute absorption to a central target particle, increasing its direct absorption by

60 %. In any experimental realization, the yield of these nano-devices, in conjunc-
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Figure 6.5: As the metal nanoparticles are polarizable, the polarization of the ex-

ternal field determines their induced fields. As shown in Fig. 6.2, the polarization
angle can effect a red or blue shift of the collective resonance. The dipole strength
redistribution depends on the resonance between the ring and RC analogue, hence
it becomes smaller as the field polarization enters the plane of the ring, which shifts
the ring resonance to the blue, further from the RC resonance.

tion with the polarization requirements for maximal redistribution, makes single-
molecule experiments the most likely avenue to measure the effect. In this case,
single-molecule fluorescence measurements, as opposed to absorption, will probably
yield the best signal. Theoretically, the signatures of absorption redistribution in
fluorescence measurements should be explored, as well as the effects of inhomoge-
neous broadening, as it is known that the homogeneous width is 25 THz, yet the
full spectral linewidth is 50 THz. Next-generation experiments might replace the
central target particle with a bacterial RC, and measure the effects of the collective
ring resonance on absorption and charge separation. This set-up promises to be
an exciting and realizable platform for exploring absorption redistribution, and its

effects on subsequent transfer, in an artificial or hybrid system.
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Chapter 7: Conclusions

This thesis was concerned with a description of absorption in natural and
artificial light-harvesters. The coupling between light-harvesting units, although
sometimes small compared to environmental couplings and dephasing rates, can lead
to large, experimentally-accessible redistributions of absorption intensity between
constituents. Here we recapitulate the main findings from Chapters 5-7.

In Chapter 5 we exploited the symmetry properties of light-harvesting anten-
nae in purple bacteria to calculate theoretically the optical signatures of coupling
between, and hence exciton delocalization across, the circular rings. The linear-
dichroism (LD), a subtraction of orthogonally-polarized absorption spectra, is par-
ticularly sensitive to this coupling, which breaks the circular symmetry of excitons
confined to a single ring. Analytical and numerical calculations show that the con-
trast of the LD can be directly related to the magnitude of the inter-ring coupling,
which is responsible for the incoherent Forster energy transfer on the 1 - 10 ps
timescale. Hence, our proposed experiment would allow an alternative, if indirect,
measurement of the Forster rate using simple linear absorption measurements.

In Chapter 6 we showed, through experiment and theoretical calculations, that

the short-lived exciton delocalization across the light-harvesting antennae and re-
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action center in purple bacteria effects a redistribution of absorption intensity from
the LH1 (B880 band) to the RC (P870 band) compared to the isolated spectra. Ex-
perimentally, dark-minus-light spectra circumvent the overwhelming contribution of
the B880 band, which overlaps with the weaker P870 band and obscures the small
(absolute) changes upon coherent coupling, and is consistent with a 90 % increase
in direct absorption of the P870 band in the complete core complex. This redistri-
bution of dipole strength leads directly to a redistribution of excitation population
to the RC, leading to a small (~ 1 %) increase in the efficiency of charge separation
at later times (~ 10-100 ps). Numerical calculations predict a similar excitation
redistribution in other purple bacteria species and higher plants.

The high symmetry of the LH1-RC core complex allows analytical expressions
for the redistribution of excitation, design principles which we exploited in Chapter
7 to propose an artificial light-harvesting device that funnels 60 % more excitation
from an antenna to a spectrally-distinct RC-analogue. Although the system is com-
posed of mesoscopic metal nanoparticles and hence can be described classically, the
collective plasmon resonances exhibit the same phenomenology, and obey the same
design principles, as the quantum system.

Many exciting avenues remain to be explored using the design principles il-
lustrated in this thesis. Perhaps most exciting is the continuing possibility of con-
structing artificial light-harvesting systems that exploit the funnelling of excitation
due to collective effects of the antenna and RC units. Using DNA origami as a scaf-
fold and a hybrid toolbox— containing artificial elements like metal nanoparticles
and quantum dots, as well as natural elements like pigment-protein complexes and
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Figure 7.1: A hybrid device exploiting the design principles explored in this thesis,
composed of metal nanoparticles mirroring the arrangment of BChl in the RC-LH1
complex around the bacterial RC, could funnel excitation to the charge separation
unit. This could lead to large improvements in efficiency in noisy environments,
where excitations are lost along a transfer pathway from the antenna to the RC.

cyanine dyes— the possibilities are limited only by functional chemistry and one’s
imagination. These design principles could increase the efficiency of an artificial
light-harvester by funnelling excitations to the charge separation unit, thereby lim-
iting the number of excitations which must be transferred across the device, along
which they may be lost due to heating. Increases in efficiency are most dramatic in
low-light conditions, where the intelligent use of every photon is required. A spec-
ulative hybrid device exploiting these principles, in which metal nanoparticles or
cyanine dyes are functionalized on a bacterial reaction center to funnel absorption
to the special pair, is illustrated in Fig. 7.1. In addition, extension of these results to
spectral regions outside the visible, such as the microwave, could have implications

for wireless communication and charging.
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Appendix A: Measuring Dark-Minus-Light Spectrum

in RC-LH1 Core Complex: Experiment Details

Methods for Determination of the RC-P870 Contribution After Ox-
idation of the Intact, Membrane-Embedded PSU with Stoichiometric
Amounts of K;Fe(CN)g
Diagnostic Features of the RC' Redox Spectrum
It is now well-accepted that the oxidation of the purified RC with small amounts
of a strong oxidizing agent, such as K3Fe(CN)g, leads to spectral changes in the
near-IR region which correspond perfectly to those observed after photobleaching
with actinic light. A typical example, obtained by the K3Fe(CN)g-induced oxidation
of the purified RC (in detergent solution) from R. rubrum is shown in Fig. 8.1 (A).
Under these conditions of oxidation the P870 band is essentially abolished, and the
803 nm peak, corresponding to the accessory BChl is slightly increased in intensity
and blue-shifted. It has been shown previously [58] that the absorption transitions
contributing to P870 are in fact split upon oxidation to P8704, with one component
being shifted to about 800 nm (hence the observed changes to the 803 nm peak)
and the other to 1260 nm (which is not visible with our instrumentation). For diag-

nostic purposes with real biological preparations, the redox difference (reduced RC

118



0.05
o 004
<
g 0.03
=
B
S 0.02
) P
< 001 P\
0.00 - ' . : . . ' . "
500 550 600 650 700 750 800 850 900
Wavelength (nm)
15
< | B ]
~ red - ox :
3 5 :
- ,
£ 0 ; //'\ —— '
é 500 0 600 650 700 7 800 850 9
g -5 :
Wavelength (nm) '
-10 1 v A

Figure 8.1: (A)
Absorption spectra
of reduced and
oxidized RC, re-
spectively. The
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special pair (P870,
Gaussian fit: A4z
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The position and
intensity of the
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indicated.

- oxidized RC) spectrum (Fig. 8.1 (B)) is a more reliable indicator of RC activity,

since any contributions due to inactive RC are cancelled out.

A very useful feature of the RC redox spectrum is the crossover point and rel-

ative intensities of the flanking regions (indicated by a dotted line in Fig. 8.1 (B)) at

the 803 nm region. This feature is uniquely due to RC oxidation, and is not observed

from isolated LH1s subject to oxidation. In a complex mixture, therefore, this fea-

ture can be used as a diagnostic feature to distinguish RC and LH1 contributions,

respectively.

Measurement Conditions for Obtaining Spectra of Purified RCs and Chro-
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matophores
Chromatophores (intracytoplasmic membranes containing the PSUs and reaction
centers) were isolated from anaerobic, phototrophic cultures of R. rubrum S1 as
described [98-100]. Absorbance spectra of 500 pl samples (chromatophores: diluted
in 20 mM TrisHCI, pH 8.0 (20T8)) were usually measured at room temperature in 2
mm path-length cuvettes with a Jasco V-560 UV /VIS spectrophotometer equipped
with a near-IR-sensitive photodiode detector for turbid samples (slit width 2 nm,
scanning speed 200 nm/min, photomultiplier response fast). Purified RCs (purifed
by a slightly modified method of Vadebonceur et al. [100], were diluted in 20 mM
TrisHCI, pH 7.7 containing 50 mM NaCl and 0.05 % (w/v) dodecyl-8-D-maltoside,
prior to measurement. For routine chemical oxidation of isolated RCs (A870 (2 mm
path-length) = 0.016), a few grains of potassium ferricyanide (K3Fe(CN)g) were
added directly to the cuvette prior to measurement.

Determination of the RC Concentration from a Spectrum Obtained from Total
Chromatophores
A precise determination of the RC concentrations is an essential prerequisite for
stoichiometric oxidation. In principle, the RC concentration in total R. rubrum
chromatophores might be determined from the 803 nm peak, which is exclusively
due to the RC-accessory BChl. Unfortunately, the 881 nm peak of the LH1 exhibits
significant intensity in the flanking region at 803 nm (see Fig. 8.2), which makes the
assignment of the baseline solely due to the RC 803 nm peak difficult. To solve this
problem unambigously, we compared the spectrum from the wild-type (LH1+RC)
with that of a RC-minus mutant, SKALM, where the L- and M subunits of the
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RC have been deleted (described in Ref. [101]). We have previously shown that the
absorption spectra and also ultrafast transfer times for energy transfer amongst BChl
and carotenoid pigments of the LH1 of the mutant are unchanged when compared
with those of the wild-type LH1 [101]. We then fitted the SKALM spectrum to the
wild-type spectrum, using the criterium that the right flanking region, between 882
- 900 nm, is due solely to the contribution from the LH1. This fit (see Fig. 8.2,
expanded insert) enabled us to set a reference point for the position of the RC
baseline. We note that the SKALM fitted spectrum now corresponded perfectly to
the position of the LH1 @, band at 589 nm (data not shown). This calculation
showed that for the LH1+RC chromatophores, about 48% of the intensity at 803
nm arises from the RC accessory BChl. Using the millimolar extinction coefficient
of €(803 nm) = 329 mM~t.cm™ [100], we calculated that 243 nmol RC are present

in the cuvette under the conditions used.
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Figure 8.2: Absorption spectra used for the determination of the RC content. The
effective RC baseline was determined from the difference in intensity at 803 nm from
spectra of isolated chromatophores from the wild-type S1 (LH1 + RC, brown line)
and a RC- mutant SKALM (LH1 only, green line). The calculated RC spectrum
(using the spectrum obtained from purified RC (see Fig. STA) is shown in blue.
The spectrum shown in red corresponds to the (LH1+RC) chromatophores minus
the calculated, purified RC spectrum.

Stoichiometric Ozidation of the RC with KsFe(CN )g
For a precise titration of the RC special pair redox state in chromatophores (A881 (2
mm path-length) = 0.37), incremental amounts of K3Fe(CN)g (0 - 560 nmol (stock
solution 20 mM K3Fe(CN)g solution (in HyO))) were added to a chromatophore sus-
pension, containing approximately 243 nmol RC, as calculated from the extinction
at 803 nm. Generally, the chromatophores were incubated with redox agent at 25°C
for 5 min prior to measurement in the Jasco spectrophotometer, as described above.
Prior to quantitative analysis, the spectra were normalized to the baseline intensity

at 640 nm, where no absorption due to pigment occurs.
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The results of a typical redox titration are shown in Fig. 8.3 (A). We observed,
that even at stoichiometric levels of KsFe(CN)s to RC, that the 882 nm peak due
to the LH1 @, absorption maximum is also reduced (note that this bleaching corre-
sponds to chemical ozidation of the LH1 BChl), and this reduction is concomitant
with that of the special pair oxidation. To our knowledge, this is the first time that
the effects of stoichiometric oxidation upon the LH1 complex have been reported.

To proceed further, we made the initial assumption, that at higher, but still
near stoichiometric quantities of KsFe(CN)g, the oxidation of the LH1 BChls (mea-
sured as the reduction of peak height at 881 nm) should be linear, whereas that
of the RC (measured at 803 nm) should be constant. This can be most easily vi-
sualized by calculating the difference spectrum (A881 (0 mM Kj3Fe(CN)g) - A881
(x mM K3Fe(CN)g) = (AAbs881)). The spectral results, shown in Fig. 8.3 (B),
confirm our hypothesis: above about 240 nmol K3Fe(CN)g, no further change in the
803 nm peak is observed with increasing oxidizing agent, but the A881 nm peak is
incrementally reduced further. The inset in Fig. 8.3 (B) also shows that no spurious
effects to turbidity changes arise during this process. Quantitative analysis of these
data (Fig. 8.4 (A) and (B)) confirm the linearity of LH1 oxidation at KsFe(CN)g
levels where the RC is completely oxidized (Fig. 8.4 (A)). The usable range for fur-
ther analysis, where the RC oxidation is constant (Fig. 8.4 (B)) was shown to be

between 400 - 560 nmol K3Fe(CN)g.
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Figure 8.3: Reduction of the near-IR, (LH14+RC) peak intensity following stoichio-
metric additions of K3Fe(CN)g. (A) The primary spectral data, obtained from
chromatophores equilibrated with different concentrations of K3Fe(CN)g (given in
nmoles). The initial data set was normalized to the intensity at 640 nm, where no
absorption due to pigment occurs. Inset: enlarged near-IR region of the spectrum.
(B) First near-IR difference spectra (AAbs), obtained from the data shown in (A).
Each spectrum corresponds to the difference between the spectrum obtained at a
given amount of K3Fe(CN)g (indicated) minus the reference spectrum (taken in the
absence of K3Fe(CN)g). Inset: the spectral difference obtained over the complete
range. Note that the absorption change due to K3Fe(CN)g is easily visible (arrow),
and can be used for control purposes.
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Thus, the LH1 spectral contribution present in the spectra obtained from
oxidized LH14+RC chromatophores should be obtainable by subtracting pairs of
difference spectra (AAbs) obtained for K3Fe(CN)g amounts between 400-560 nmol.
In principle, any of the pairs might be employed for this purpose, but we have
found it convenient to obtain a series of difference-difference spectra by subtracting
sequental pairs (i.e. AAbs320-AAbs400, AAbs400-AAbs480, AAbsd80-AAbs560).
With this series in hand (Fig. 8.5 (A)), we need to perform one final control to prove
that each member of this series corresponds to the same spectral form. This is done
by a simple transformation. First, each (now noisy) AAAbs spectrum is normalized
to the same maximal intensity (Fig. 8.5 (B)). If the normalized spectra correspond
to the same spectral form, then a plot of AAAbs values for each pair should fall
upon the same straight line. Fig. 8.5 (C) shows that this expectation is fulfilled.
Therefore, we can now employ the parameters of the derived LH1 spectral difference
for determining the contribution in the redox spectrum obtained from the lowest
amounts of K3Fe(CN)g, where the contribution from RC and LH1, respectively are
comparable.

The final deconvolution was performed as follows. We chose to use the primary
difference spectrum AAbs(160) for the analysis, since visual inspection suggested
significant spectral contributions from both LH1 and RC to be present. Initially, the
secondary difference spectrum AAAbs(560-480 nmol) (see Fig. 8.5 (A)) was fitted
to the spectrum AAbs(160), using the constraint that the least-squares difference at
the far red flank (which arises almost exclusively due to the LH1 component) must

be minimized. The result, AAbs(160) - AAAbs(560-480 nmol), is shown in green
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Figure 8.5: (A) The secondary difference spectra, obtained from the data shown in
Fig. 8.3 (B). Each spectrum corresponds to the difference taken from two sequential
pairs e.g. AAAbs(A560-480) = AAbs(560) - AAbs(480). (B) The difference spec-
tra in (A) normalized to the same intensity value at 881 nm. (C) Correlation plot
of the AAAbs intensities from sequential spectral pairs (e.g. AAAbs(560-480) wvs.
AAADs(480-400)). The intensities shown have been re-scaled (x 10?) for presenta-
tion clarity. Only the intensity range corresponding to the wavelength range 800 -
900 nm has been plotted.
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in Fig. 8.6 (A) and (B), and the fitted LH1 component is shown as a dashed cyan
line in Fig. 8.6 (A). Also shown is a Gaussian fit (A, = 868 nm, o= 19.6 nm) to
the “P870” peak of the final spectrum, which is thus 1 nm blue-shifted compared
to that obtained for the purified RC in solution (shown as the orange dashed line
in Fig. 8.6 (B)). In Fig. 8.6 (A), another secondary difference spectral component
(AAADs(320-240 nmol) is also shown (brown dashed line)). The same fitting as
above, repeated using this latter spectral component, led to an identical result (not
shown). In the main text, the spectrum shown in Fig. 5.1 (D) has been calculated
using the difference AAbs(160)-AAAbs(320-160 nmol). The final result however, is
essentially identical to that shown in Fig. 8.5 (A)—(B).
Methods for core complex photobleaching

The measurement of RC photobleaching was performed by comparing the “dark”
spectrum obtained from total chromatophores (A881 (2 mm path-length) = 1.06) to
that obtained during illumination with actinic light (using a 150 W halogen lamp).
The actinic light was filtered through 3 cm of a 1 M CuSOy solution. The amount of
light quanta reaching the cuvette during illumination in this experiment was 40 nmol
cm~2.s71 (or 14000 Lux). In the dark-light experiments, the internal photomultiplier
of the Jasco spectrophotometer was used instead of the photodiode, because it
could be protected more easily from any stray actinic light by a long-pass filter
(Asahi, XVL 0610, 1.5 mm) and a self-built chamber of black cardboard. To improve
the signal-to-noise-ratio, the scanning speed was reduced to 100 nm/min, and the
response was set to slow. In this experiment, the contribution to LH1 fluorescence

was negligible. This was confirmed by performing control experiments using an
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Figure 8.6: Deconvolution of the primary difference (AAbs) spectra into LH1 and
RC components. (A) The primary difference spectrum AAbs(160) (blue line), ob-
tained at 160 nmol K3Fe(CN)g, which contains about equal intensities from both
LH1 and RC, was used for analysis. The fitting procedure was performed using the
secondary difference spectrum AAAbs(560-480 nmol) (see Fig. S11A) (see section SI
(E) for details). The result, AAbs(160) - AAAbs(560-480 nmol), is shown in green
in (A) and (B), the fitted LH1 component (dashed cyan line in (A)), and a Gaus-
sian fit (A0 = 868 nm, ¢ = 19.6 nm, dark blue dashed line) to the “P870” peak
of the final spectrum, which is thus 1 nm blue-shifted compared to that obtained
for the purified RC in solution (shown as the orange dashed line in (B)), are also
shown. In (A), another secondary difference spectral component (AAAbs(320-240
nmol)) is also shown (brown dashed line). The same fitting as above, repeated us-
ing another secondary difference spectral component (AAAbs(320-240 nmol), brown
dashed line) led to an identical result (not shown). Note that the intensities shown
have been re-scaled (x 10%) for presentation clarity.
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Avantes diode array spectrophotometer, where the intensity of the measuring beam

was sufficient to induce measurable LH1 fluorescence.
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