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ABSTRACT
We theoretically investigate the possibility to use single-object spectroscopy to probe size variations of the bacteriochlorophyll aggregates
inside chlorosomes. Chlorosomes are the light-harvesting organelles of green sulfur and non-sulfur bacteria. They are known to be the most
efficient light-harvesting systems in nature. Key to this efficiency is the organization of bacteriochlorophyll molecules in large self-assembled
aggregates that define the secondary structure inside the chlorosomes. Many studies have been reported to elucidate the morphology of
these aggregates and the molecular packing inside them. It is widely believed that tubular aggregates play an important role. Because the
size (radius and length) of these aggregates affects the optical and excitation energy transport properties, it is of interest to be able to probe
these quantities inside chlorosomes. We show that a combination of single-chlorosome linear polarization resolved spectroscopy and single-
chlorosome circular dichroism spectroscopy may be used to access the typical size of the tubular aggregates within a chlorosome and, thus,
probe possible variations between individual chlorosomes that may result, for instance, from different stages in growth or different growth
conditions.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061529

I. INTRODUCTION

Photosynthesis is one of the most important processes to sus-
tain life on earth. The biomolecular systems and mechanisms that
underlie photosynthesis have been the subject of many studies,
which not only serve fundamental interest but also are sources of
inspiration for technological applications.1–6 Investigations of the
initial absorption of sunlight in natural light-harvesting systems and
the subsequent excitation energy transport to photosynthetic reac-
tion centers guide the selection and design of synthetic supramolec-
ular materials that mimic these functions.7–9 Among the natural
light-harvesting systems, the chlorosome, which is the antenna sys-
tem of green sulfur and non-sulfur bacteria, has attracted partic-
ular attention. It owes this interest to the fact that it is the most
efficient light-harvesting system known in nature10,11 and that in
contrast to other light-harvesting systems,10,12 it contains molecular

aggregates that are self-assemblies of only bacteriochlorophyll
(BChl) molecules, i.e., they lack complicated protein scaffolds
to position the chromophores.13 Self-assembled systems of dye
molecules are much easier to mimic in laboratories than structures
prepared by careful positioning using proteins.4,14,15

Chlorosomes are elongated organelles that contain several tens
of self-assembled supramolecular aggregates, each composed of
thousands of BChl c, d, and e molecules.16–22 The supramolec-
ular organization of BChl molecules in these aggregates, which
is of crucial importance for the light-harvesting efficiency, is still
a subject of ongoing debate. Many previous studies have led
to the proposal of tubular, lamellar, and rolled lamellar struc-
tures for the self-assembled aggregates.6,13,22–29 These shapes and
the molecular packing in the aggregates have been obtained
through the combined use of mutagenesis, solid-state nuclear mag-
netic resonance (NMR), cryogenic electron microscopy (Cryo-EM),
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single chlorosome linear polarization resolved fluorescence excita-
tion spectroscopic studies, and molecular modeling.6,24–26,30,31 The
debates about the exact structure may be explained from the
fact that the aggregate formation depends on the bacterial strain
used and the precise growth conditions. Moreover, the hierarchi-
cal structure is prone to heterogeneity, which complicates find-
ing a unique organization. First, structural disorder occurs inside
each aggregate because different BChl molecules (c, d, and e),
each of which can further vary in their state of methylation, are
randomly used in the aggregation process. Second, variations in
size of the aggregates may occur within and between individual
chlorosomes.

In this study, we investigate theoretically to what extent size
variation of the constituent BChl aggregates in different chloro-
somes can be probed using single-chlorosome spectroscopy. We
adopt the picture that the dominant secondary structural elements
inside the chlorosomes are tubular aggregates, which may differ
in radius and length. It is known from previous studies that the
optical and energy transport properties of (tubular) aggregates not
only depend on the molecular packing (intermolecular distances and
orientations)15,32–36 but may also depend on the aggregate radius
and the length. In particular, the isotropic absorption and linear
dichroism (LD) spectra of tubular aggregates were shown to depend
on the radius,32,37,38 while it has been suggested that the circu-
lar dichroism spectrum of tubular aggregates is sensitive to their
length up to rather long lengths.39–41 Furthermore, the exciton dif-
fusion constant is sensitive to the ratio of the exciton delocalization
length and the radius,42 where the delocalization length itself also
shows a dependence on both the radius and the length.43 All this
makes it of interest to investigate how variations in the radius and
length of tubular aggregates in different chlorosomes influence light-
harvesting properties and whether such variations may be probed
experimentally.

To study variations between chlorosomes, the application of
single-molecule spectroscopy is indispensable.44–47 Since chloro-
somes contain many thousands of molecules, we rather refer to the
application of this type of spectroscopy to chlorosomes as single-
object spectroscopy. Prior studies have applied single-object linear
polarization (SOLP) resolved fluorescence excitation spectroscopy
to individual chlorosomes, in which fluorescence excitation spectra
for different linear polarization directions of the exciting light are
recorded; hereafter, we refer to this as SOLP spectroscopy. SOLP
spectroscopy gives much more information than LD spectroscopy,
which measures the difference in the absorption spectra for two
perpendicular polarization directions on an ensemble of oriented
objects (molecules, aggregates, and nanostructures).48 The SOLP
studies of chlorosomes from the wild-type and two mutant species
of Chlorobaculum tepidum were consistent with a tubular geometry
of the BChl aggregates for the mutants and the majority of the wild-
type chlorosomes.30,49 They showed an energy difference between
two mutually perpendicular exciton transitions in tubular aggre-
gates, which varied between different chlorosomes. Inspired by ear-
lier work,32 these variations were interpreted in terms of variations
in the average radii of the tubular aggregates in different chloro-
somes.49 In these studies, a possible length variation of the aggre-
gates was not considered, as the length generally has a much more
limited effect on the linear-polarization dependent spectroscopy of
tubular aggregates.39,43

Motivated by previous reports that circular dichroism (CD)
spectroscopy may show an interesting and prolonged dependence
on the length of tubular aggregates,39–41 this study investigates
whether single-object CD spectroscopy (SOCD spectroscopy), in
combination with SOLP spectroscopy, may be sensitive to variations
in (average) length as well as (average) radius of the constituent
tubular aggregates between different chlorosomes. Many CD stud-
ies have been reported on ensembles of chlorosomes,13,50–55 but thus
far only one study has reported CD spectra of single chlorosomes,
and in that case, the CD strength was only measured at one fre-
quency.56 More generally, SOCD studies are scarce, although some
results have been reported for single molecules57–60 and others for
individual nano-structures,61–63 showing that, in principle, the sen-
sitivity required for SOCD spectroscopy can be achieved. To the
best of our knowledge, the theory of SOCD spectroscopy was not
developed.

We first study the simplest situation, assuming that the radius
of the tubular aggregates is the same for all aggregates in all
chlorosomes. For definiteness, we use the average radius derived
from SOLP experiments on chlorosomes of the bchR mutant
of Chlorobaculum tepidum;49 in addition, the molecular packing
derived in that study is used as the basis for our model calcula-
tions. We model SOCD as well as SOLP spectra for this situation.
From this, we find that the SOCD spectra may indeed probe differ-
ences in aggregate length between individual chlorosomes. Ideally,
the experiment should measure these spectra as a function of the
angle between the wave vector of the exciting light and the tubular
axes; if variation of this angle is not possible, the optimal setup is to
use 45○ for this angle. We observe that these findings are still valid
even when we allow for a distribution of aggregate lengths within
individual chlorosomes. In that case, SOCD spectroscopy is able to
probe differences in the average aggregate length realized for dif-
ferent chlorosomes because the shape of the spectrum turns out to
be sensitive to the average length. We also show that the shape of
the SOLP spectra has a much weaker length dependence, making it
very hard to retrieve length information from SOLP spectroscopy
alone.

In the next step of our study, we allow for variations in length
as well as radius of the aggregates between chlorosomes. We find
that, generally, it is not possible to retrieve the aggregate radius that
applies to a particular chlorosome uniquely from SOLP experiments
because the energy difference between the two mutually perpendic-
ular transitions also turns out to depend on the aggregate length.
However, our results show that for a given value of this energy sepa-
ration, the combination of SOLP and SOCD spectroscopy, together
with spectral modeling, gives sufficient information to probe what
combination of length and radius applies to the aggregates within
a particular chlorosome. Like in the first part of our study, we
show that this conclusion still holds for the more realistic situa-
tion where the length and the radius of ∼50 aggregates within a
chlorosome do not all have the same value but are taken randomly
from particular distributions. In that case, the combination of SOLP
and SOCD spectroscopies, together with spectral modeling, allows
one to extract the average length and average radius of the tubular
aggregates within an individual chlorosome.

The outline of the remainder of this paper is as follows: In
Sec. II, we first describe the structural model and the Frenkel exciton
model used to calculate the SOLP and SOCD spectra of chlorosomes.
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Next, in Sec. III, numerical results are presented and discussed, first
for the case where we assume the same radius for all tubular aggre-
gates, followed by a detailed study of the case where both lengths
and radii of the aggregates are allowed to vary. Finally, we conclude
in Sec. IV.

II. MODEL
A. Tubular aggregate structure

The model structure we used for the tubular aggregates in
chlorosomes of Chlorobaculum tepidum is identical to the one found
in Ref. 49 by using SOLP spectroscopy in combination with ear-
lier results.26 The model is constructed as depicted in Fig. 1. We
start from a two-dimensional lattice with two molecules per unit
cell (indicated by green and red arrows, see below for more detail),
as depicted in Figs. 1(a) and 1(b) (the latter indicating a side-view
looking along the a-axis). The lattice constants are given by a = 1.25
nm and b = 0.98 nm, and the angle between both lattice directions
is γ = 122○. This lattice is rolled onto a cylindrical surface along the
rolling vector C that connects two lattice points. This vector is deter-
mined by its length ∣C∣ = 2πR and its angle relative to the a-axis,
denoted as δ [see Fig. 1(a)]. Following Ref. 49, we use δ = 70○. This
wrapping results in a tubular aggregate of radius R (taking discrete
values only), with two molecules per unit cell [Fig. 1(c)]. The aggre-
gate has a helical structure due to the angle δ differing from 0○ and
(180○ − γ) = 58○. It can be seen alternatively as a perpendicular stack
of N1 rings, where each ring contains the centers of N2 equidistant
unit cells.32 Neighboring rings are separated by a distance h = 0.11
nm (dictated by δ and the lattice constants) and are rotated relative
to each other over an angle ζ, which also depends on R (or N2).

The two molecules in each unit cell are positioned in a symmet-
ric way along the a-axis and only differ in their orientations relative

to the lattice plane, ultimately resulting in the farnesyl tails of the
BChl molecules pointing alternately in and out of the cylindrical
surface: syn-anti stacking.26 For the optical properties, it is impor-
tant to characterize the relevant molecular transition dipoles (see
Sec. II B). In Fig. 1, these dipoles are indicated by the green and red
arrows, whose projections on the plane of the lattice make an angle
of η = 35○ with the a-axis; their angles with the lattice plane alternate
for the syn- and the anti-orientations and take the values ±α = ±4○

[Fig. 1(b)].
For each choice of R, the above procedure and parameters

uniquely specify the positions of all molecules inside the aggregate
and the orientations of their dipoles. This, in turn, uniquely defines
the exciton Hamiltonian that allows us to calculate the optical prop-
erties (Sec. II B). As explained in the Introduction, in the first part of
this study, we will assume that R is the same for all tubular aggregates
in all chlorosomes. To be specific, we will use the value R = 15.42 nm,
which is the discrete value allowed by the lattice parameters that is
closest to the average value of about 15 nm found from the analysis
of the SOLP studies on the bchR mutant of Chlorobaculum tepidum
in Ref. 49. This model corresponds to N2 = 10. In the second part
of our study, where we allow R to vary, it takes discrete values
R = N2 × 1.542 nm, where we vary N2 in the range N2 = 1, . . . , 35,
which covers the entire distribution of values found in Ref. 49.

B. Frenkel exciton model and spectra
To calculate the optical properties of the tubular aggregates

inside the chlorosomes, we use the Frenkel exciton model that
accounts for the Qy excitation on each BChl molecule and the
excitations transfer interactions between each pair of molecules,

H = ∑
n,m

Hnm∣n⟩⟨m∣ = ∑
n

Emol∣n⟩⟨n∣ + ∑
n,m≠n

Vnm∣n⟩⟨m∣. (1)

FIG. 1. Construction of the model structure of the tubular arrangement of the BChl molecules. The starting point is a planar lattice with two molecules per unit cell [panel
(a); the unit cell is indicated in blue], only differing in their orientation relative to the lattice plane [panel (b) for side-view along the a-axis]. This lattice is wrapped over the
rolling vector C, making an angle δ with the a-axis, onto a cylindrical surface with radius R to define the helical tubular structure [panel (c)], where all molecular positions are
uniquely defined in terms of the lattice constants (a, b, and γ), the radius R, and the angle δ. The red and green arrows indicate the dipoles of the relevant optical transition
(the Qy transition) in each molecule. Their projections on the lattice plane make an angle η with the a-axis and an alternating angle of ±α = ±4○ with the lattice plane. The
parameters we used in our calculations were49 a = 1.25 nm, b = 0.98 nm, γ = 122○, δ = 70○, and η = 35○. The radius R can take a discrete set of values, depending on
the model situation considered.
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Here, ∣n⟩ is the state with molecule n excited and all other molecules
in their ground state, Emol indicates the energy of the molecular Qy
excitation, and Vnm is the excitation transfer interaction between
molecules n and m. We will ignore energy and interaction disorder,
focusing totally on the effects of aggregate length and radius on the
spectra. This leads to exciton eigenstates of the Hamiltonian that are
fully delocalized over the tubular aggregate. Models including disor-
der in tubular aggregates have shown that localization is rather weak
in these systems;43,64 moreover, the results of SOLP spectroscopy
on chlorosomes indeed reflect strongly delocalized states.30,49 For
the monomer excitation energy, we use Emol = 15 931.4 cm−1, which
gives a good fit to the experimental ensemble CD spectrum of bchR,
shown in Fig. S1 in the supplementary material (Note 1).65 The
interactions Vnm were modeled using a point-dipole approximation,

Vnm =
μn ⋅ μm

r3
nm

− 3
(μn ⋅ rnm)(μm ⋅ rnm)

r5
nm

, (2)

where μn is the transition dipole vector of molecule n, rnm indicates
the position vector between molecules n and m, and rnm is its mag-
nitude. (Model calculations using interactions between extended
dipoles do no change our conclusions; they hardly affect the spectral
lineshapes and mostly show an overall shift.) Using the structural
data in Sec. II A together with the value μ = 5.5 D for the magni-
tude of the dipole of the Qy transition,26,30 all interactions can be
calculated and the collective eigenstates can be obtained through
numerical diagonalization of the matrix Hnm as

∣k⟩ = ∑
n

φkn∣n⟩, (3)

where φkn denotes the nth component of the kth eigenvector of Hnm;
the corresponding eigenenergy is denoted as Ek.

From the exciton states, the SOLP and SOCD spectra for the
tubular aggregates can be obtained (see below). We must keep in
mind that ultimately we are interested in the spectra for chloro-
somes, which consist of several tens of aggregates. When model-
ing the chlorosome spectra, we will assume that the interactions
between individual tubes within a chlorosome are weak enough to
be ignored, which implies that the optical properties are determined
by the (averaged) optical properties of the individual aggregates that
make up a chlorosome. This is corroborated by the fact that pre-
vious experiments have been well understood on the basis of this
assumption.49

Furthermore, to calculate the various polarization dependent
spectra of chlorosomes, we assume that the tubular aggregates within
an individual chlorosome are all aligned, which results in a com-
mon axis, referred to as the tubular axis of the chlorosome. Cryo-EM
micrographs of isolated chlorosomes from Chlorobaculum tepidum
and its mutants in amorphous ice show striated lines in the side-
on view and circular ring structures from the end-on view.6,26,27

This suggests that tubular aggregates inside chlorosomes are indeed
aligned and are oriented with their axes parallel to the long axis of the
chlorosome they reside in. Single-chlorosome experiments are car-
ried out on chlorosomes adsorbed on a substrate. Using atomic force
microscope (AFM) and linear dichroism (LD) studies,45,66 it has
been shown that the long axes of the chlorosomes lie parallel to the
plane of the substrate (this orientation can be steered using various
methods, such as enclosing the chlorosomes in a gel and squeezing

the gel along a particular direction50,51,67–70). We therefore assume
that the axes of the tubular aggregates inside the chlorosomes are all
parallel to the experimental substrate. This is further supported by
the results of SOLP measurements, where experimental spectra also
strongly suggest this orientation.30,49

The above allows us to focus on the calculation of spectra of
individual tubular aggregates with their long axes mutually aligned
and parallel to the experimental substrate. We first turn our atten-
tion to SOLP spectroscopy, single-chlorosome fluorescence excita-
tion spectroscopy using linearly polarized light (see Fig. 2). In this
experiment, light is incident from above, perpendicular to the sub-
strate. The experiment is performed by measuring the dependence
of the fluorescence excitation spectrum on the angle ϕ of the polar-
ization direction of the light relative to a reference direction on the
substrate, for which we may choose, without loss of generality, the
direction of T. We remind the reader that the single-object fluo-
rescence excitation spectrum is the emission intensity of the object
as a function of the frequency (energy) of the exciting photons.
Here, the emission is usually from the relaxed state and assuming
that the fluorescence quantum yield does not depend on the excita-
tion frequency, as is commonly done, this spectrum is identical in
shape to the absorption spectrum. For this reason, the SOLP and
SOCD spectra in this study have all been calculated as absorption
spectra.

Thus, in terms of the exciton eigenstates and energies, the SOLP
spectrum of a single aggregate may be expressed as

Ae(E) =
1
π∑k
∣μk ⋅ e∣

2 Γk

(E − Ek)2 + Γ2
k

, (4)

with E being the photon energy of the exciting light, μk = ∑n φknμn
being the transition dipole from the aggregate’s ground state to the
exciton state k, e being the unit vector indicating the orientation
of the polarization of the light, and Γk being the dephasing rate of
the kth exciton transition. Obviously, the spectra A∥(E) and A�(E),
obtained for e parallel (ϕ = 0○) and perpendicular (ϕ = 90○) to the
tubular axis, are natural basic spectra, from which the spectra for all
other polarizations e are easily obtained,

Ae(E) = A∥(E)cos2 ϕ + A�(E)sin2 ϕ. (5)

FIG. 2. Setup for single-chlorosome fluorescence excitation spectroscopy using
(a) linearly polarized light (SOLP spectroscopy) and (b) circularly polarized light
(SOCD spectroscopy). The chlorosome lies on the substrate with its tubular axis
T (parallel to the tubular axes of its constituent molecular aggregates) oriented
parallel to the plane of the substrate. For SOLP spectroscopy, linearly polarized
light with wave vector q (blue arrow) is incident perpendicular to the substrate; its
polarization vector e makes an angle ϕ relative to T. For SOCD spectroscopy, the
wave vector q of circularly polarized light (blue spirals) makes an angle ξ with T.
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Owing to the cylindrical symmetry, tubular aggregates only
have exciton transitions with transition dipole either exactly parallel
or exactly perpendicular to the tubular axis.39,41 The ratio of the total
oscillator strengths in both directions is determined by the angle β
between the molecular transition dipoles and the tube’s axis, which
from the parameters in Sec. II A is found to be β = 90○ − δ + η = 55○

(ignoring minor corrections resulting from the small angle ±α). In
the situation considered here, with light incident perpendicular to
the tube’s axis, only half of the perpendicular oscillator strength con-
tributes to the spectrum with e perpendicular to the cylinder axis:
O∥/O� = 2 cot2 β, with O∥ (O�) being the integrated spectrum for e
parallel (perpendicular) to the tube’s axis. For general reference, we
also define the single-chlorosome LD spectrum as

LD(E) = A∥(E) − A�(E). (6)

Next, we turn our attention to the CD spectrum, which is
defined as the difference between the absorption spectrum of left (L)
and right (R) circularly polarized light,

CD(E) = AL(E) − AR(E). (7)

In conventional CD spectroscopy, the spectra are measured in an
isotropic ensemble; previous expressions for the CD spectrum of
chlorosomes indeed have been derived taking an isotropic average
over all possible orientations of the tubular axis of the chlorosomal
molecular aggregates.39,40 In the case of single-chlorosome CD spec-
troscopy, such an average does not apply: the exciting light then has
a well-defined, unique direction of incidence relative to the tubular
axis and the choice of this direction has a strong influence on the
resulting spectrum, as we will see. In contrast to SOLP spectroscopy,
where light incident perpendicular to the substrate provides us with
all important information, we will see that perpendicular incidence
is not optimal for getting most information out of SOCD spec-
troscopy. For this reason, we start by allowing for the most general
situation (owing to the cylindrical symmetry), where the wave vector
q of the circularly polarized light makes an arbitrary angle ξ with the
tubular axis of the chlorosome (see Fig. 2).

The CD spectrum for a single tubular aggregate may be derived
using Fermi’s golden rule to account for the interaction between
the circularly polarized light and the aggregate, similar to the stan-
dard derivation of the ensemble averaged CD.1,39,71 The resulting
spectrum for light incident with wave vector q reads

CDq(E) =
1
π∑k

Rq
k

Γk

(E − Ek)2 + Γ2
k

, (8)

where E, Ek, and Γk are as defined above and the rotational strength
equals69,70

Rq
k =

λ
8π∑n,m

φknφ∗km sin(q ⋅ rnm)[q ⋅ (μn × μm)], (9)

where λ is the wavelength of the incident light and the quantities
φkn, rnm, and μn are as defined above. For aggregate sizes (lengths
and radii) small compared to an optical wavelength, the expression
sin(q ⋅ rnm) may be linearized, which allows for a faster numeri-
cal implementation. In practice, we have used this linearization in

all numerical spectra reported here. We have checked that even for
lengths as long as 200 nm, this has a negligible effect on the shape of
the SOCD spectra (see Note 2 of the supplementary material).

It can be shown (see Note 3 of the supplementary material) that
like in the case of SOLP spectroscopy, also for SOCD spectroscopy in
the long-wavelength limit, where sin(q ⋅ rnm) in Eq. (9) is linearized,
a decomposition in two basic spectra is possible,

CDq(E) = CDξ(E) = CD∥(E)cos2 ξ + CD�(E)sin2 ξ, (10)

where CD∥(E) is the spectrum for ξ = 0○ (which in experiment can-
not be achieved fully due to the substrate) and CD�(E) is the spec-
trum for ξ = 90○. The first equality in Eq. (10) holds due to the
rotational symmetry of the tubular aggregates. Because the long-
wavelength limit holds for aggregates as long as 200 nm, which
covers the maximum lengths expected in chlorosomes, the decom-
position [Eq. (10)] holds for chlorosomes. This decomposition could
open the way to SOCD spectroscopy where ξ is scanned over a max-
imum range, improving the signal-to-noise ratio to obtain the two
basic spectra in a global fit, similar to applications of SOLP spec-
troscopy where ϕ is scanned.30,35,49 As we will see, however, even the
application of SOCD spectroscopy with one well-chosen value of ξ
provides much information.

C. Selection rules and basic spectral features
In this subsection, we address general features of the SOLP and

SOCD spectra for tubular aggregates that can be obtained (semi-)
analytically. To this end, we consider the limit of long tubular aggre-
gates, where the exciton states can be obtained analytically by impos-
ing periodic boundary conditions along the tube’s axis. The exciton
states then take the form of Bloch waves in both the axis direction
(owing to the boundary conditions) and the ring direction (owing
to the cylindrical symmetry), with quasimomenta 2πk1/N1 and
2πk2/N2, respectively, with k1 and k2 integers. This leads to strong
optical selection rules on the vector k = (k1, k2), which replaces the
scalar label for the exciton eigenstates (k) in Eqs. (4) and (8): only
states with k = (0, 0) and k = ±h with h = (N1ζ/2π, 1) contribute to
the spectra.39 These are known as super-radiant states with oscil-
lator strengths and rotational strengths that scale proportional to
the total number of molecules in the tube. For the case of tubu-
lar aggregates with one molecule per unit cell, this leads to three
super-radiant states, where the totally symmetric one (k = 0) has a
transition dipole of magnitude

√
N1N2μ cos β, directed parallel to

the tube’s axis, while the two “helical” states k = ±h are degenerate
and have dipoles of magnitude

√
N1N2/2μ sin β, both perpendic-

ular to the axis and perpendicular to each other.39 For the SOLP
spectra, this implies that both A∥(E) and A�(E) have one peak, posi-
tioned at the eigenenergies E0 and Eh, respectively (see Note 4 of the
supplementary material for more details).

The structure considered here has two molecules per unit cell,
which only differ from each other in the small tilt angle ±α of the
dipoles. While the numerical calculations reported in Sec. III were
all done including this dimerization, properly accounting for hav-
ing a Davydov splitting, this induces only minute corrections in the
spectrum to the approximation where we set α = 0○. Therefore, the
calculated spectra are well understood using a one-molecule per unit
cell picture, which for long tubes thus leads to one peak in both
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A∥(E) and A�(E). For the structure considered here, the parallel
transition has lower energy than the perpendicular one (E0 < Eh).
This allows one to find the orientation of the tube (chlorosome) on
the substrate by recording the spectrum as a function of the polar-
ization angle ϕ. For short tubes, finite-size effects will lead to small
shifts of both peaks. Moreover, the periodic boundary conditions
in the axis direction then are no longer valid, breaking the selec-
tion rules on k1. This leads to weak satellite peaks, which are blue
shifted compared to the main peaks. Details on the effects of dimer-
ization and finite length are analyzed in the supplementary material
(Note 4).

The CD spectrum for an isotropic ensemble of long tubular
aggregates with one molecule per unit cell was analyzed in Ref. 39.
There, a distinction was made between “ring” and “helical” con-
tributions to this spectrum. Interestingly, for the case of SOCD
spectroscopy, CD∥(E) is totally determined by helical contributions,
while CD�(E) only has ring contributions. For the structure consid-
ered here (ignoring effects of a Davydov splitting), negative ring con-
tributions occur at E = E0, while positive ring contributions occur
at E = Eh, leading to an overall dispersive (S-type) spectral shape
centered between E0 and Eh. Two degenerate dispersive helical con-
tributions are centered at E = Eh; they are derivatives of Lorentzian
lineshapes, i.e., they also give an S-type shape, but in this case with
the positive part on the low-energy side and the negative part toward
higher energies. All these notions survive if we take into account the
dimerization due to the small angle ±α (see Note 5 of the supple-
mentary material): one Davydov component dominates the entire
spectrum and the spectral contributions arising from the second
(higher-energy) Davydov band can be ignored in practice; a new
type of contribution arising from the dimerization, namely, a non-
dispersive helical contribution in both Davydov bands, is so small,
in practice, that it can also be ignored.

From the above, we see that for general ξ, the sum of
two partially overlapping S-type lineshapes of the opposite over-
all sign determine the SOCD spectrum. This makes the spectrum
highly sensitive to ξ, to the precise values of the energies E0 and Eh
of the super-radiant exciton states (which depend on the aggregate
radius and length), and to the relative magnitude of both dispersive
shapes. The latter depends on the length: at small length, both are
similar in magnitude, but for increasing length, the helical contri-
butions become more important. It is this sensitivity, which will be
confirmed in the numerical results in Sec. III, that allows for prob-
ing the radius and length using the combination of SOLP and SOCD
spectroscopies.

III. NUMERICAL RESULTS AND DISCUSSION
In this section, we present the results of our model calculations

for the single-chlorosome spectra as a function of linear polarization
of the exciting light (SOLP) and the single-chlorosome CD spectra.
As explained in Sec. II, we calculate the spectra as the average of the
spectra of the individual tubular BChl aggregates that make up the
chlorosome and assume that all tubular axes inside a chlorosome
are aligned and parallel to the experimental substrate (see Fig. 2).
The model for each tube is constructed as specified in Sec. II A,
with model parameters indicated in Fig. 1 and their values specified
in its caption. These parameters are fixed for all calculations per-
formed. The lengths L and the radius R of the tubular aggregates,

alternatively represented as N1 (L = N1 × 0.11 nm) and N2
(R = N2 × 1.542 nm) of the cylinders, may differ and will be specified
below for the different cases considered. The parameters that further
define the Hamiltonian are given in Sec. II B; specifically, we have
Emol = 15 931.4 cm−1 for the molecular excitation energy and we use
dipole–dipole excitation transfer interactions, with a dipole strength
of μ = 5.5 D and orientations as given in Fig. 1. Finally, we use
Γk = 50 cm−1 for the exciton dephasing rate. This parameter is
not known experimentally; from two-dimensional spectroscopy at
zero waiting time, an upper bound of 180 cm−1 can be deduced.72

All numerical calculations were performed with open boundary
conditions in the axis direction of the tubes.

A. Model with fixed tubular radii
As explained in the Introduction and Sec. II A, we first ana-

lyze spectra in case all tubular aggregates in all chlorosomes have the
same radius of R = 15.42 nm (N2 = 10). In the simplest approach, we
will assume that all tubes inside one chlorosomes have equal length L
and that this parameter may vary between chlorosomes. In this case,
the SOLP and SOCD spectra of a single chlorosome are simply given
by the spectra for a single tube of length L.

Figure 3 presents as contour plots the calculated SOCD spectra
for chlorosomes consisting of tubular aggregates with eight differ-
ent lengths L (constant within each chlorosome) as a function of the
angle ξ. As we argued in Sec. II B, SOLP spectroscopy allows one
to assess the orientation of the tubular axis for a single chlorosome,
which, in practice, may serve as reference for determining the angle
ξ in an SOCD experiment. It is clearly seen that indeed the SOCD
spectrum depends on ξ as well as L; we have checked numerically
that for every angle, the spectrum indeed can be obtained through a
linear combination of the spectra for ξ = 0○ and ξ = 90○ [Eq. (10)].
These two basic spectra indeed follow the general description given
in Sec. II C. For the longest tubes, the spectrum at ξ = 0○ shows a
dispersive shape centered at E = Eh < Emol, deriving from the heli-
cal exciton state (helical contribution), while the spectrum at ξ = 90○

shows a dispersive shape centered at slightly lower energies (namely,
in between E0 and Eh) and with sign swapped relative to the spec-
trum at ξ = 0○ (the ring contribution). When the length gets shorter,
we indeed observe overall shifts in both features and the separation
between positive and negative peaks grows. Moreover, for the short-
est lengths (5 and 10 nm), we see additional peaks appearing on
the higher-energy side of the main features due to finite size effects.
Finally, we note that for the longest tubes, the helical contribution is
larger than the ring contribution; for short tubes, they are roughly
equally strong.

For angles ξ in between 0○ and 90○, the linear combination of
both basic spectra gives rise to a richer variation of lineshapes, with
the possibility to have more than one sign change as a function of E.
As a consequence, at such intermediate angles, the spectrum is more
sensitive to L than at ξ = 0○ and ξ = 90○ and the L dependence per-
sists for larger L values (up to about 50 nm). This is seen more clearly
by making cuts through the contour plots, which are shown in Fig. 4
for five different angles ξ (0○, 30○, 45○, 60○, and 90○), each for six
different values of L. These plots show that, in particular, the struc-
ture of the spectrum varies much more as a function of length for
ξ = 45○ as compared to other angles, which makes this angle of inci-
dence the most sensitive one to probe length variations. We can also
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FIG. 3. Contour plots that present single-chlorosome CD spectra as a function of excitation energy and angle ξ between the wave vector q of the incident light and the
chlorosome’s tubular axis. Each panel corresponds to a chlorosome with different length L of the tubular BChl aggregates it consists of, as specified in the panel. All tubes
within one chlorosome have the same length; all aggregates have the same radius of R = 15.42 nm. The spectrum in each panel is normalized to its maximum absolute
intensity.

FIG. 4. Cross sections through the con-
tour plots of Fig. 3. Each panel presents
the cross sections for six different val-
ues of the aggregate length L, coded as
specified next to the first panel, for a spe-
cific angle ξ, as indicated inside the pan-
els. Each spectrum is normalized to its
maximum absolute intensity.
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conclude that the typical experimental setup used for single-object
spectroscopy, where light is incident perpendicular to the substrate,
is not optimal for using SOCD spectroscopy to measure length vari-
ations in chlorosomes. The ideal would be to measure the complete
contour plot, as this would give most information, but if the experi-
mental setup dictates that only one angle can be used, clearly ξ = 45○

seems the best choice. The crux is that at this angle, there is a large
contribution from both the ring and the helical spectra, whose inter-
ference depends on the length L due to the fact that the relative
magnitude of both spectra depends on L.

Thus far, we considered the situation where the tubular aggre-
gates inside a chlorosome all have the same length. This makes the
distinction between different chlorosomes sharp and enhances the
possibility to probe the (typical) length of the aggregates they consist
of. To see whether some amount of length variation within indi-
vidual chlorosomes washes out the spectral details that reflect the
typical aggregate length, we extend the previous model by allowing
for such variations. Individual chlorosomes are known to contain

several tens of molecular aggregates.1,2 In our model, we assume that
each chlorosome contains 50 tubular molecular aggregates, which
are identical in all aspects (also radius), apart from their length.
The lengths are chosen randomly from a Poisson distribution with
average L̄.73 The advantage is that this is a simple one-parameter
distribution, whose variance is equal to its average; this implies
that at later stages of the growth of the aggregates inside a chloro-
some, the absolute variation in their sizes also grows, which seems
a natural assumption to make. Thus, each individual chlorosome
is specified by 50 randomly chosen values of L using as a starting
point a specific average L̄. This leads to chlorosomes with a ran-
dom distribution of aggregate lengths; each individual chlorosome
may be characterized by the average length of its aggregates ⟨L⟩ (not
necessarily equal to L̄). The SOLP and SOCD spectra for an indi-
vidual chlorosome are then obtained by adding the corresponding
spectra of the 50 constituent tubular aggregates (properly account-
ing for the fact that longer aggregates have a larger weight in the
spectrum).

FIG. 5. Left column: histograms for the
occurrence of the length of the 50 tubular
aggregates in four randomly generated
chlorosomes using the Poisson distribu-
tions for L with four different averages
L̄ (10, 20, 30, and 40 nm from top to
bottom), with mean ⟨L⟩ and standard
deviation σL of each histogram as indi-
cated. The radii of all tubular aggregates
in the chlorosomes are taken equal,
R = 15.42 nm. Middle column: SOLP
spectra calculated for these individual
chlorosomes, with light polarized paral-
lel [A∥(E), blue solid line] and perpen-
dicular [A�(E), red dashed line] to the
tubular axis; the black dashed-dotted line
shows the single-chlorosome LD spec-
trum. A∥(E) and A�(E) are normalized
to the largest one of the peak intensities
of the two; each LD spectrum is normal-
ized to its maximum absolute intensity.
Right column: SOCD spectra CDξ(E)
calculated for these individual chloro-
somes for three angles between the
direction of incidence of the light and the
chlorosome’s tubular axis: ξ = 0○ (solid
blue line), 45○ (red dashed line), and
90○ (black dashed-dotted line). Each CD
spectrum is normalized to its maximum
absolute intensity.
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Figure 5 shows the results for four particular chlorosomes gen-
erated from Poisson distributions with four different values of L̄,
namely, 10, 20, 30, and 40 nm, from top to bottom, respectively.
The left column presents the histograms for the aggregate lengths
found in the chlorosome, together with their means and standard
deviations; the middle column shows A∥(E) and A�(E) (character-
izing SOLP spectroscopy) and also gives the single-chlorosome LD
spectrum, while the right column presents the SOCD spectra for the
four individual chlorosomes for three different values of the angle
of incidence: ξ = 0○, 45○, and 90○. From this, we see that the spectra
for linear polarization have a very weak dependence on the average
length of the aggregates inside the chlorosome, even for the small-
est lengths. This is also true for CD spectroscopy with ξ = 0○ and
ξ = 90○. By contrast, CD spectroscopy with ξ = 45○ gives a clear
variation of the spectra with the average aggregate length, despite
the considerable variations in this length. This confirms the above
conclusion that SOCD spectroscopy on individual chlorosomes
may indeed probe differences in average aggregate length between
chlorosomes if the angle of incidence is chosen close to ξ = 45○.

B. Model with varying tubular radii
Thus far, we have presented results using one fixed value for

the radius of the tubular BChl aggregates inside the chlorosomes.
This simplifying assumption was made because it enabled us to iso-
late the effects of the aggregate length on the spectra, in particular,
on the SOCD spectra. Moreover, it is known that the spectra of
tubular aggregates obtained using linearly polarized light (such as
SOLP spectra) are quite sensitive to the radius32,38 and less so to
the length,39 suggesting that in an experimental approach, radius
information can first be obtained by SOLP spectroscopy, after which
SOCD can be used to get information on the length of the aggregates.
Indeed, this is exactly how the value for R used above was obtained:

FIG. 6. Energy difference ΔE between parallel and perpendicular polarized energy
bands as a function of radius (characterized by N2 on the lower horizontal axis)
for tubular aggregates of the structure applicable to chlorosomes, with different
length, as indicated in the legend. The two dashed lines enclose four data points
characterizing different (L, R) combinations with the same ΔE.

by averaging the radii obtained by analyzing SOLP spectra.49 The
method used to get information about the radius from experiments
with linearly polarized light uses the notion that for long tubu-
lar aggregates, the energy separation ΔE between the main spectral
bands polarized parallel and perpendicular to the tube’s axis mono-
tonically decreases with growing radius R.32 However, for tubular
aggregates with finite length of up to about 50 or 100 nm, it has to
be established to what extent the length affects ΔE. To this end, we
simulated A∥(E) and A�(E) for tubular aggregates with the lattice
structure fixed to the one used throughout this paper (Sec. II A) and
varying length L and radius R (characterized by N2) and obtained
ΔE from them. Since some of the spectra, especially for small L and
R (N2), have satellite peaks [see Fig. S5 in the supplementary material
(Note 4)], we calculated the average energy (weighted by the spectral
intensity over the whole band) for both polarizations and took their
difference as ΔE. The resulting data are presented in Fig. 6.

Figure 6 clearly shows that for all lengths considered, ΔE indeed
monotonically decreases with the radius but that this relation itself
depends on L as well. This implies that ΔE alone does not allow

FIG. 7. SOCD spectra of tubular aggregates of the structure applicable to chloro-
somes, calculated for the four combinations of length and radius, (L, R), which
give ΔE ≈ 56 cm−1 in Fig. 6. From top to bottom, the spectra correspond to
the wave vector of the incident light making an angle with the tubular axis of
ξ = 0○, 45○, and 90○. Each SOCD spectra is normalized to its maximum absolute
intensity.
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a unique determination of the radius if the length is not known.
Rather, measuring ΔE allows for a range of combinations of lengths
and radii that might apply. As an illustration, consider the four
data points in Fig. 6 lying between the dashed black lines, which
represent tubular aggregates with (L, R) combinations (11, 10.79),
(21, 13.88), (31, 15.42), and (41, 16.96) (all numbers in nm) that all
have ΔE ≈ 56 cm−1. Importantly, however, the R dependencies for
different lengths in Fig. 6 are seen not to cross each other, which
keeps the possibility open that the combination of SOLP (ΔE) mea-
surements and SOCD measurements may still allow one to get infor-
mation on both the typical length and typical radius of the tubular
aggregates in a particular chlorosome. This is confirmed by Fig. 7,
in which we show the SOCD spectra for the four above (L, R) com-
binations for ξ = 0○, ξ = 45○, and ξ = 90○. This figure shows that
indeed the different (L, R) combinations with the same ΔE can be
distinguished using SOCD spectroscopy and that, as before, this is
best done using ξ = 45○.

Similar to what we did in Sec. III A, we checked whether the
above conclusion still holds if we allow for variation of L and R
within an individual chlorosome or whether such variation washes
out the spectral differences. Again, we assume that each chloro-
some consists of 50 tubular aggregates and that now not only their
lengths but also their radii are taken randomly from Poisson dis-
tributions with averages L̄ and R̄, respectively. We used four sets
of (L̄, R̄) combinations that equal the above four sets, which gave
ΔE ≈ 56 cm−1 in case all aggregates inside an individual chlorosome
are identical. The spectra for four chlorosomes randomly generated
using these distributions were obtained by adding the spectra of the
tubular aggregates within each chlorosome. The results are shown
in Fig. 8. The left column presents the histograms for the aggre-
gate lengths and radii found in each chlorosome, together with their
means and standard deviations; the middle column shows the cor-
responding A∥(E) and A�(E) (characterizing SOLP spectroscopy)
and also gives the single-chlorosome LD spectrum, while the right

FIG. 8. Left column: histograms for the
occurrences of the length (blue) and the
radius (red) of the 50 tubular aggre-
gates in four randomly generated chloro-
somes using the Poisson distributions
for L and R described in the text, with
mean and standard deviation of each
histogram as indicated. Middle column:
SOLP spectra calculated for these indi-
vidual chlorosomes, with light polarized
parallel to the tubular axis [A∥(E), blue
solid line] and perpendicular [A�(E), red
dashed line]; the black dashed-dotted
line shows the single-chlorosome LD
spectrum. A∥(E) and A�(E) are nor-
malized to the largest one of the peak
intensities of the two; each LD spectrum
is normalized to its maximum absolute
intensity. Right column: SOCD spectra
CDξ(E) calculated for these individual
chlorosomes for three angles between
the direction of incidence of the light and
the chlorosome’s tubular axis: ξ = 0○

(solid blue line), 45○ (red dashed line),
and 90○ (black dashed-dotted line).
Each CD spectrum is normalized to its
maximum absolute intensity.
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column presents the SOCD spectra for the four individual chloro-
somes for three different values of the angle of incidence: ξ = 0○, 45○,
and 90○.

The results in Fig. 8 show that the SOLP and LD spectra hardly
differ for these four chlorosomes; specifically, analysis shows that
they all indeed have a ΔE value close to 56 cm−1. By contrast, the
SOCD spectra are more sensitive to the (⟨L⟩, ⟨R⟩) combination that
applies if we use the setup with ξ = 45○, even if the differences for
the longer lengths are not as big as in Fig. 7. We note that the ability
to distinguish different sets of lengths and radii generally increases
with smaller dephasing rate and hence with lowering the tempera-
ture. The above results show that, in principle, the combination of
SOLP and SOCD spectroscopy allows one to obtain estimates of the
average length and average radius of the tubular aggregates within
individual chlorosomes, even if these quantities vary for the aggre-
gates inside each chlorosome according to Poisson distributions. We
stress that our conclusions are not unique for the case presented
here and can also be found for sets of chlorosomes with other pre-
selected values of ΔE. To illustrate this, we present the results for
four chlorosomes with ΔE ≈ 40 cm−1 in the supplementary material
(Note 6).

IV. CONCLUSION
In this paper, we investigated theoretically how polarization

dependent fluorescence excitation spectroscopy on single chloro-
somes can provide information on the average (typical) size of
the tubular aggregates that form the secondary structural elements
inside these highly efficient light-harvesting organelles. We have
found that a combination of single-chlorosome spectroscopies with
linearly and circularly polarized light can be used to probe both
the typical radius and the typical length of these aggregates. The
ideal protocol scans the fluorescence excitation spectrum as a func-
tion of the polarization angle ϕ for linearly polarized light (SOLP
spectroscopy), in combination with a scan of the single-chlorosome
circular dichroism spectrum as a function of the angle ξ between the
wave vector of the exciting light and the long axis of the chlorosome
(SOCD spectroscopy). SOLP spectroscopy experiments have been
used before to contribute to characterizing the structure of the aggre-
gates, and these experiments were also used to estimate typical radii
of the tubular aggregates in different chlorosomes.30,49 The SOLP
spectra, however, show little dependence on the aggregate length,
making this quantity inaccessible with linearly polarized light. We
have shown in this paper that, by contrast, CD spectroscopy on indi-
vidual chlorosomes is expected to be much more sensitive to the
length. Moreover, we found that SOLP spectroscopy alone does not
allow to uniquely determine the radius; it is the combination of both
spectroscopies that allows probing both the typical radius and the
typical length.

Single-object CD spectroscopy has only very rarely been
applied, and as far as we know, no SOCD spectra have been taken
of chlorosomes. It is to be expected that experimental constraints
may make it hard to perform a full scan of the dependence of the
spectrum on the angle ξ. Our calculations demonstrate that, in prin-
ciple, making the measurement at two different angles provide all
information and if also that turns out complicated, using ξ = 45○

would be the best option. We have explained how the sensitivity of
CD spectroscopy to the tubular length results from the interference

between so-called ring contributions and helical contributions to the
spectrum, both of which yield dispersive (S-type) lineshapes with
opposite overall sign, which partially overlap. The relative weight of
both depends on the aggregate length, making the lineshape of the
sum of these overlapping dispersive contributions highly sensitive to
the length. Moreover, at ξ = 0○ (ξ = 90○), only helical (ring) contri-
butions occur, while at intermediate angles, their linear combination
determines the spectrum. This explains why using ξ = 45○ by itself
already provides much information.

The ability to resolve length and radius is limited by the width
of the spectral contributions. If the width gets too large, it washes
out the spectral structure that reflects the radius and especially the
length. For aggregates with a short length and (or) a small radius,
various spectral peaks are well resolved, leading to specific spectral
structures that reflect the size, but for larger sizes, this becomes more
challenging. For the homogeneous linewidth we used, this limits the
lengths that can be resolved to about 50 nm. Using low-temperature
conditions may help to reduce this linewidth and boost the resolu-
tion also for larger sizes. At the same time, having minimal inhomo-
geneous width also enhances the size sensitivity. This implies that
for chlorosomes of mutants, which are known to have smaller inho-
mogeneity, the chances to resolve larger sizes are higher than for the
wild-type chlorosomes.30,49

In our model calculations, we adopted the picture that the
dominant secondary structural elements inside the chlorosomes are
tubular aggregates, all with the same molecular packing. We did this
in order to isolate the effects of variations in length and radius of
the tubular aggregates between different chlorosomes and hope that
our observations and predictions will inspire new experiments on
single chlorosomes. Of course, in reality the situation is more com-
plicated: the packing may reveal disorder as well, leading to disorder
in the molecular transition energies and the excitation transfer inter-
actions, which, in turn, will affect the spectra. In addition, not all
aggregates need to be tubular; other secondary structural elements
may occur, such as lamellar and multi-walled tubular structures.6
Extending the current study to include such effects and investigate
how robust the predicted sensitivity to average length and radius is
for various additional sources of heterogeneity is an interesting and
important topic for future research. Such extensions, however, are
outside the scope of this work.

Finally, we note that the idea of combining ϕ dependent SOLP
spectroscopy and ξ dependent SOCD spectroscopy also may be fruit-
ful for other supramolecular structures where information on the
variation of their internal structure is hard to obtain through other
sources.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting information that
provides further details or substantiates statements presented in the
main text.
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