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ABSTRACT: Observations of low-lying dark states in several photo-
synthetic complexes challenge our understanding of the mechanisms behind
their efficient energy transfer processes. Computational models are
necessary for providing novel insights into the nature and function of
dark states, especially since these are not directly accessible in spectroscopy
experiments. Here, we will focus on signatures of dark-type states in
chlorosomes, a light-harvesting complex from green sulfur bacteria well-
known for uniting a broad absorption band with very efficient energy
transfer. In agreement with experiments, our simulations of two-dimen-
sional electronic spectra capture the ultrafast exciton transfer occurring in
100s of femtoseconds within a single chlorosome cylinder. The sub-100 fs
process corresponds to relaxation within the single-excitation manifold in a
single chlorosome tube, where all initially created populations in the bright
exciton states are quickly transferred to dark-type exciton states. Structural inhomogeneities on the local scale cause a redistribution
of the oscillator strength, leading to the emergence of these dark-type exciton states, which dominate ultrafast energy transfer. The
presence of the dark-type exciton states suppresses energy loss from an isolated chlorosome via fluorescence quenching, as observed
experimentally. Our results further question whether relaxation to dark-exciton states is a leading process or merely competes with
transfer to the baseplate within the photosynthetic apparatus of green sulfur bacteria.

■ INTRODUCTION
The process of photosynthesis starts with light capture,
followed by the fast transfer of excitation energy through the
photosynthetic apparatus toward the reaction center, where the
initial charge separation occurs.1 Since photosynthetic
organisms thrive in environments with different light
conditions, nature offers a variety of solutions for efficient
light harvesting.2−4 Variations in structures of photosynthetic
complexes are responsible for successful light capture and
energy transfer.2 The excitation energy is transferred through a
disordered and fluctuating energy landscape in complex
molecular aggregates. Still, there are questions about
mechanisms that allow these organisms to utilize the
fluctuations of the disordered environment to enhance the
efficiency of energy transfer. Low-lying dark-type states play a
significant role in the efficiency of ultrafast energy transfer in
photosynthetic complexes.5 The possibility of characterizing
and directly studying these states is restricted since they are
not directly accessible in spectroscopy experiments. Hence,
there is uncertainty about the nature and selection rules that
forbid radiative transition to such states. Despite these issues,
there is progress in this direction. Recent experiments reported
the appearance of the spectral signatures, suggesting how the

dark-type state participates and dictates the efficiency of energy
transfer in the light-harvesting complex (LH2) from purple
bacteria6 and in artificial cyanine nanotubes.7 Here, we employ
theory to determine the role and suggest the implicit signatures
of low-lying dark-type states in chlorosomes.
The green sulfur bacteria Chlorobaculum tepidum are

organisms that can perform photosynthesis in very low-light
conditions, such as deep down in hot springs, at the bottom of
the ocean,8 or using only geothermal energy.9 Its photo-
synthetic apparatus comprises chlorosomes, baseplate, Fenna−
Matthews−Olson complex, and the reaction center.2 The
energy flow through its photosynthetic apparatus has been
studied in the 2D electronic spectroscopy (2DES) experi-
ment10 and theoretically.11,12 This study will focus on
chlorosomes, the organelles that perform the initial light
capture and energy transfer in green bacteria. Their unique
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structure is an ensemble of supramolecular aggregates in
cylindrical and lamellar shapes consisting predominantly of
bacteriochlorophyll (BChl) c molecules (see Figure 1). Due to

the heterogeneity of chlorosomes,13 various experimental
techniques, combined with theoretical methods, provide
information on their structure.14−17 In particular, nuclear
magnetic resonance (NMR) spectroscopy,15 cryo-EM,14,18

soft-neutron scattering,16 microscopy,17 and optical spectros-
copies13,19,20 have proven helpful.
There is a long history of optical spectroscopic studies that

characterized the broad absorption band of chlorosomes.
Absorption, linear and circular dichroism,21 and hole-
burning22,23 experiments performed on the ensemble and
several single molecule studies revealed the complexity of the
optical band, which consists of distinct domains.13,19,20 Time-
resolved spectroscopy studies offered insights into energy
funneling through the photosynthetic apparatus,10 from
chlorosomes to the baseplate,24−26 and within chloro-
somes.23,27,28 These studies showed that energy transfer
consists of different dynamical components with time scales
spanning from hundreds of femtoseconds (10−15 s) to
hundreds of picoseconds (10−12 s).10,12 A recent femtosecond
transient absorption study connected different optical
components in chlorosomes with distinct exciton transfer
pathways (time scales) to the baseplate.24 2DES experiments
on isolated chlorosomes observed ultrafast transfer occurring
within the initial sub-100 fs lifetime and the presence of
quantum beatings with the ps lifetime.29−33 Due to the
femtosecond time resolution, 2DES experiments are well
suited to characterize exciton and charge dynamics in different
materials, especially light-harvesting antennae.34−36 Such
pump−probe, transient absorption, and 2DES experiments
have previously successfully been applied to study ultrafast
energy transfer in artificial J-aggregates.37−39 With pulse
shaping and polarization sequence control, it is possible to
probe distinct degrees of freedom by suppressing specific
signals.40

Here, we will use a quantum-classical approach41,42 to
simulate the 2DES spectra of a single chlorosome cylinder up
to 500 fs waiting time and compare the results to experimental
observations.29 Since we use an atomistic model43 of
chlorosomal supramolecular aggregates18,44,45 to simulate
spectroscopic observables,46,47 we can provide information
on the molecular mechanisms behind ultrafast exciton transfer
in chlorosomes without relying on fitting or on a prior
assumption of a specific mechanism. We identify spectral
signatures in the 2DES spectra of chlorosomes that arise due to
the participation of low-lying dark states48 in the exciton

dynamics. Additionally, we connect the presence of molecular
disorder and fluctuations to the emergence of low-lying dark-
type states in chlorosomes. Their presence agrees with the
observation of the contribution of low-lying states with small
transition dipole moments to optical spectra in a hole-burning
study.23

It is important to note that due to the high computational
cost of 2DES simulations, we calculated the spectral dynamics
of a small system consisting of 2675 molecules embedded in
the environment of a larger triple tube system. We evaluated
the exciton parameters for a system of three concentric
cylinders with 27,829 molecules. Such a large system size
allows us to estimate statistical distributions of excitonic
parameters that reflect the presence of molecular-scale
disorder. The agreement between the absorption spectra of
these two systems shows that the chosen small model is a good
candidate for performing 2DES calculations, as shown
previously (Figure S4 in ref 47).
The rest of this article is organized as follows. First, we

present our method of simulating the 2DES spectra of single
chlorosome aggregate tubes based on the exciton model. Then
we present the results of these simulations and their analysis,
which uncover the presence of low-lying dark-type states in our
model. We further characterize the nature of these states and
show their contribution and importance for ultrafast exciton
dynamics in chlorosomes. Finally, we present our conclusions
and ideas for future research.

■ METHODS
The current work builds on a model developed and refined in
multiple steps in refs 18,44,46,47,49. We will focus on the Qy
band21 arising from the strongly coupled Qy transitions of
BChl c in chlorosomes and represent the excited states using a
Frenkel exciton Hamiltonian accounting for both structural
and energetic disorder50

H t t B B J t B B( ) ( ( )) ( )
n

N

n n n
n m

N

mn n m0= + +† †

(1)

Here, Bn† and Bn are Paulionic creation and annihilation
operators. This model depends on the sums over two key
variables: transition energies ω0 + Δωn(t) and excitonic
couplings Jmn(t). ω0 of 15390 cm−1 is the energy gap for the Qy
transition of monomeric BChl c molecule in methanol,21 and
Δωn(t) includes the effect of the electrostatic interactions with
other molecules in the environment. The disorder in excitonic
variables is based on the parameters from quantum chemistry
studies on BChl c molecules in vacuum46 and molecular
dynamics simulations of three concentric cylinders (Figure 1)
representing chlorosomes.44,46,46 The details of the molecular
dynamics simulation and quantum chemistry calculations were
reported elsewhere.46,47 The main building blocks of these
cylinders are syn-anti parallel stacks of BChl c molecules.15

Dispersion in the transition energies comes from differences in
the electrostatic potential generated by partial charges of atoms
in the environment that alter the transition energy gaps.51 We
determined these dynamic energy gap fluctuations, Δωn(t),
using the charge density approach.51,52 The excitonic coupling
Jmn was determined using the point dipole approximation53

with a 5.48 Debye21 transition dipole moment, centered at
magnesium and oriented between the nitrogens defining the y-
axis of the BChl c molecules. Close packing of chromophores
within chlorosomes challenges this approximation, but it was

Figure 1. Chlorosomes are organelles responsible for light capture
and initial energy transfer in green sulfur bacteria. Every chlorosome
consists of secondary structures such as cylinders and lamellae. Our
chlorosome model system consists of three concentric cylinders built
from 27,829 BChl c molecules that form syn-anti parallel stacks.
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found to give good results in previous studies on helical
cylindrical aggregates and chlorosome models.18,20,54,55 Since
the Hamiltonian parametrically depends on the molecular
dynamics simulations, we include the effects of static and
dynamic disorder from classical intermolecular vibrations on
the exciton dynamics. Due to the high computational costs
coming from the large size of our system, we neglect the effects
of intramolecular vibrations that are high-energy and localized.
Additional justification is that very delocalized excitons in
cylindrical systems are robust to local perturbations;56

however, such vibrations may lead to extra broadening and
an increase in absorption in the high-energy tail of the spectra.
Previously, we showed a strong influence of the helicity of

supramolecular aggregates on the excitonic structure, optical
response, and ultrafast dynamics.47 Here, we will use a model
of a chlorosomal cylinder with the helicity of wild-type
chlorosomes, with a chiral angle of δ = 112.3°.20,47 This model
structure’s optical properties align with the observations for
chlorosomes from C. tepidum grown in low-light conditions. In
this system, the mean of the distribution of angles between the
transition dipole moment vectors of individual molecules and
the long axis of the cylinder is β = 54°. Here, the exciton states
have an overall approximately isotropic distribution of the
direction of transition dipole moments, i.e., the excitonic
transition dipole moments span all possible angles with the
long axis of the cylinder.47

The time evolution of the exciton states is calculated using
the NISE code41,42,57 that solves the time-dependent
Schrödinger equation numerically

t
t

i
H t t

( )
( ) ( )=

(2)

The main requirement of this method is for the Hamiltonian
to be time-independent during a single time step Δt. Hence,
partitioning of Hamiltonian trajectory in short consecutive
time steps allows propagating the wave function for longer
times. In the case of chlorosomes, the time step was set to Δt =
4 fs. During such a short time interval, nuclear dynamics can be
neglected.42 Our quantum-classical approach represents a
nonadiabatic simulation, where coupling between exciton
states is driven by the bath fluctuations, as described by
molecular dynamics simulation.41,58 This approach is a high-
temperature approximation, which can influence the observed

dynamics since it results in equal probabilities for populating
all states in the eventual equilibrium state. Still, for the ultrafast
events happening during hundreds of fs, NISE agrees with
more exact approaches.58 We calculated the 2DES spectra
using the perturbative response function formalism.59 Here, we
focus on the all-parallel polarization pulse sequence.29,60 Our
calculations are in the impulsive limit, hence, neglecting pulse
shape effects. The coherence times (t1 and t3) are varied in the
time interval [0, 196] fs with a time step δt = 4 fs, while the
population t2 time is calculated in the interval [0, 500] fs with
time intervals around 24 fs. Due to the computationally
expensive cubic scaling (N3) of the simulation with the number
of molecules (N),57,61 we calculated the 2DES spectra of a
single cylinder with 2675 BChl c molecules. More detailed
information on the construction of this system was already
provided in ref 47. Here, we averaged the 2DES spectral
response over ten different realizations along the 10 ps long
molecular dynamics trajectory, which causes the presence of
some remnant structure in the simulated spectra, which would
disappear with more extensive averaging. However, each
realization of a 2D correlation map (ω1, ω3) per t2 time
costs around 23,000 CPU hours on a supercomputer, deeming
more averaging prohibitively expensive. To smoothen the
calculated spectra, we convoluted the spectrum with the
Lorentzian apodization function with a τ = 300 fs lifetime,46

which is equivalent to adding a small amount of homogeneous
broadening.

■ RESULTS
2DES spectroscopy yields a complex signal of a third-order
nonlinear response of the system.62 The 3D data set I2DES (ω1,
ω3, and t2) can be represented as an evolution of 2D
correlation maps between pump (ω1) and probe (ω3)
frequencies during a waiting time (t2). Figure 2 shows the
time evolution of the calculated absorptive 2DES signal of the
chlorosome model during the initial 500 fs.
The line shape changes in the signal reflect the dynamics in

the system following the interaction with the initial laser
pulses. The spectral signal consists of contributions from
several processes such as depletion of the population in the
ground state, i.e., ground-state bleach (GSB), stimulated
emission (SE) from the single excited state, and excited state
absorption (ESA), which leads to the simultaneous presence of

Figure 2. Time evolution of the calculated parallel polarization 2DES of a single chlorosome cylinder during the initial 500 fs.
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two excitons in the system, i.e., doubly excited states. 2D
correlation maps (ω1, ω3) for a specific t2 time show the
contribution of the described dynamical processes. The bleach
(red) features predominantly arise from the processes
involving single excitations (GSB and SE), and absorption
(blue) peaks quantify the double excitation dynamics (ESA).
Thus, these maps capture the contribution of the ground state,
single, and double-excitation manifolds to the observed
dynamics. The spectral overlap and interference complicate
the interpretation of the experimental results. Still, changes in
the line shapes and peak-tilting serve as spectral signatures of
energy transfer occurring in different light-harvesting systems,3

including chlorosomes.29,32 Our modeling confirms that the
large width of the GSB and SE peak at t2 time arises from
structural inhomogeneities on the molecular scale,46 as
suggested previously.22,23,29 In line with the experiments,29,30

ultrafast exciton transfer will already happen during the initial
100 fs. Our model confirms that the observed ultrafast
dynamics can occur within a single chlorosome cylinder.
This process modifies spectral signals by rounding the line
shapes due to memory loss40 and peak tilting toward the lower
probe frequencies following the downhill energy transfer.29

Large exciton delocalization46 ensures this process’ fast rate
and robustness. Despite the disorder-induced localization of
excitons63,64 on specific segments within a cylindrical
aggregate,29 the close packing of chromophores and the
extended nature of exciton coupling due to the cylindrical
structure ensure the delocalization of bright excitons over
hundreds of molecules.46,65 Bath fluctuations lead to non-
adiabatic coupling between exciton states, which drives
ultrafast relaxation within the exciton band. The robustness
of this energy transfer comes from many delocalized exciton
states within a single cylinder, which are close in energy.
Therefore, classical low-energy fluctuations can induce exciton
state mixing on the ultrafast time scale. Our exciton
simulations are performed in the infinite temperature limit,
which affects the simulated dynamics through the increased
probability of populating higher energy states. Still, we
recovered all the key features of the experiment.29 Large
system size, good behavior of the NISE method on the ultrafast
time scale, compared to a numerically exact method,58 and a
good agreement with the experiment29 support our choice of
the method.

To characterize how the different dynamical processes affect
observed line shape changes and to separate ground from
excited state dynamics, we separated the contributions from
GSB, SE, and ESA to the overall signal. Here, we focus the
discussion on results at t2 = 0 fs and t2 = 100 fs, as shown in
Figure 3.
The GSB signal exclusively reports on the dynamics of the

ground-state vibrations included in our model. It does not
depend on population transfer. The ESA signal depends on the
dynamics in the exciton landscape and population transfer.
Therefore, line shape differences observed between these
signals arise from different dynamic processes. Still, we see that
GSB and ESA contributions mostly overlap both at t2 = 0 fs
and later at t2 = 100 fs. This overlap results in interference
between the signals, leading the diagonal peak to be pushed
below the diagonal, as shown in Figure 2. Both signals persist
during the first 100 fs and exhibit significant rounding of the
peaks, reflecting the loss of correlation. As discussed
previously, the GSB signal reveals memory loss in the bath,
while the ESA signal also captures the loss of correlation due to
energy transfer during the population time. The SE signal
contribution for t2 = 0 time contains two subpeaks, which lie
lower and higher from the maximum point of the GSB and
ESA signal (see Section 3). Due to the arrangement of BChl c
molecules within the chlorosome model, we observe a very
dispersed distribution of transition dipole moment orientations
of exciton states emerging in this system.47 We connect the
two different peaks in the SE signal with peak splitting of the
absorption components, showing exciton states with transition
dipole moments perpendicular to the long axis of the cylinder.
We note that the system size determines the presence and
position of these states, and their resolution vanishes for large
aggregates, in line with previous findings for cylindrical
aggregates, as shown in Figure S5 in ref 47. We note that
such a peak splitting arises from the strong dependence of the
perpendicular exciton states on the radius of the cylinders.66

Since these signals do not appear in the experimental spectra,29

they could be signatures of finite-size effects67 or can be
unresolved in the presence of a large number of cylinders, and
even lamellae, in the chlorosomal organelle, i.e., due to
significant mesoscale disorder.13,22 With this, we explain the
peak splitting in the overall 2DES spectra at t2 = 0 fs time, as
observed for both the blue and red signals shown in Figure 2.

Figure 3. 2D correlation maps show signals of the GSB, SE, and ESA. The spectra on the top panel (a−c) show the contribution of these processes
to the 2DES spectra of chlorosomes at t2 = 0 fs waiting time. The spectra on the bottom (d,f,g) are for t2 = 100 fs waiting time. We normalized all
signals to the point of maximum intensity of the total 2DES spectra at t2 = 0 waiting time.
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With this, we confirm that higher-lying points on the diagonal,
corresponding to large (ω1, ω3), are free from GSB dynamics,
so the ESA and SE processes predominantly contribute to the
signal. Notably, the SE contribution completely decays on a
sub-100 fs time scale, reflecting the lifetime of the bright single
excited states. As the energy dissipation from the single exciton
manifold is not part of our dynamics simulations, this must be
because the system reaches excited states which do not
contribute to the SE process. The longer lifetime of the ESA
component also suggests the presence of electric-dipole-
forbidden single exciton states that still can get promoted to
the double-excited state manifold by the probe pulse. Hence,
we identify this as a spectral signature of low-lying dark-type
exciton states in chlorosomes, which do not contribute to
coherent emission. This conclusion agrees with findings from
the hole-burning experiments, which indicated the existence of
a low-energy spectral band with a small transition dipole
moments23 and significant fluorescence quenching.68 The
decomposition of the total 2DES spectra in separate
contributions is not possible solely from the experimental
data, which emphasizes the importance of computational
modeling for deciphering the dynamics behind these complex
signals. Additionally, 2D fluorescence-excitation (2D-FLEX)
spectroscopy, the recently proposed technique which probes
only excited state dynamics,69 could directly detect ultrafast
decay of the SE signal in chlorosomes.
The experimental observation of a long-lived ESA peak,

which behaves largely as a mirror image of the evolution of the
GSB/SE peak,30 supports our findings. Hence, we report the
simulated time evolution of the two points Imin (ω1 = 14397
cm−1, ω3 = 14344 cm−1) and Imax (ω1 = 14377 cm−1, ω3 =
14670 cm−1) in Figure 4.

We observe oscillations in these traces that persist until 500
fs. The decay of the SE signal within the initial 100 fs rules out
the possibility that these beatings come from electronic
coherence. Hence, these come from low-frequency classical
vibrations. We will not further analyze the nature of these
vibrations. Instead, we will discuss the conditions that lead to
the emergence of low-lying dark-type exciton states in
chlorosomes and characterize their nature.

Figure 5 shows the histogram of the density of states (DOS),
plots of the inverse participation ratio, and oscillator strength
within the single-exciton band.
Optically active excitons are near the lower edge of the band,

as generally observed for J-aggregates.70 The figure also shows
how the delocalization of exciton states grows until the middle
of the band, after which it decreases, exhibiting localization-
delocalization crossover,46,71 as typically occurs in cylindrical
structures. States on the band edge are the most sensitive to
the presence of disorder.70 Most importantly, we observe the
low-lying, localized states with small transition moments and
thus low oscillator strength. The intensity of their signals is
∼40 to 50 times weaker compared with the brightest
superradiant states in chlorosomes. Importantly these dark-
type states are thus not absolutely dark but orders of
magnitude weaker than the superradiant states responsible
for the absorption. Here, we observe a distribution and not a
single dark-type exciton state, in line with observations from
hole-burning experiments.23 In summary, compared to the
superradiant exciton states in chlorosomes, the identified low-
lying dark-type states do not contribute to the stimulated
(coherent emission) response since they have significantly
weaker signals. Also, these low-lying states are multichromo-
phoric, as observed for peridinin−chlorophyll−protein.72 We
see that these states delocalize over at least two molecules due
to the close packing of BChl molecules into syn-anti parallel
stacks.15 This delocalization could also explain the observation
of collective spontaneous emission in chlorosomes from states
delocalized over two molecules.68 Still, the radiative lifetime of
these states is estimated to be around 18.4 ps,68 which is
significantly longer than our simulation time, so it does not
contribute to the sub-500 fs dynamics. Low-lying dark-type
states were also observed for several linear48 and cylindrical65

molecular aggregates.
Recent studies on 2D systems showed that different signs of

exciton couplings in distinct spatial directions lead to changes
in the DOS and optical activity.73,74 To further understand the
coupling behavior in chlorosomes, we show the distribution of
exciton couplings in chlorosomes in the lower panel of Figure
6.
Multiple peaks in this distribution reveal the structural

packing on the local scale and show three spatial directions in
which the molecules have strong exciton coupling. The
molecules have some positive but predominantly negative
couplings, leading to the experimentally observed overall red
shift of the chlorosome (Qy band) compared to the
monomeric BChl c absorption spectra.26 However, due to
the positive exciton couplings, the brightest absorption lines
are not at the total bottom of the band, distinguishing
chlorosomes from a typical picture of J-aggregates. The
structural arrangement of the molecules, illustrating the origin
of different couplings, is shown in Figure 6. The negative
coupling peak centered around 450 cm−1 represents the
nearest-neighbor interaction within syn-anti parallel stacks.
The propagation of these stacks creates helical arrangements
within chlorosomes.15,49 The two peaks centered around +200
and −200 cm−1 give two different kinds of next-nearest-
neighbor interactions. These come from the interactions with
the BChl c molecules from the syn-anti dimers in the
neighboring helices. A broad distribution of excitonic couplings
that includes positive and negative values, combined with the
dispersion in the transition energies due to differences in the
electrostatic environments around each BChl c molecule within

Figure 4. Time evolution of the point with minimal (negative) signal
Imin (ω1 = 14,397 cm−1, ω3 = 14,344 cm−1) (orange) and maximal
positive signal Imax (ω1 = 14,377 cm−1, ω3 = 14,670 cm−1) (blue).
Each trace has its own y-axis for the ease of comparison.
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the aggregates,46 leads to the dispersion of the oscillator
strength within the exciton band54 and the emergence of the
low-lying dark-type exciton states. These states can act as
collector states75 in light-harvesting antennae.
Now, we can present the connection between the low-lying

dark-type exciton states and the spectral changes in the 2DES
spectra, as illustrated in Figure 7.
In the initial t2 of 0 fs, pump pulses excite bright excitons. A

probe pulse interacts with these states, which gives the SE
contribution to the total 2D correlation map at t2 = 0 fs. For
longer waiting times, such as t2 = 100 fs, the bright exciton
states will relax within the band toward the lower-lying states.
The sub-100 fs relaxation relies on bath fluctuations that mix
exciton states through nonadiabatic couplings. As we showed,
these states are dark-type, so their connection to the ground
state is magnitudes lower than that of the superradiant states,
and so they do not contribute to the SE signal at t2 = 0 fs. The
estimated lifetime of bright excitons of around 100 fs agrees

well with the homogeneous line width of 360 cm−1 in 2DES
spectra reported in the experiments.29 Additionally, the
simulated dynamics of 2D spectra for the maximum and
minimum intensity points, as shown in Figure 4, is compatible
with the experimental observation.30 These low-lying excitons
contribute to the ESA signals. The large number of states in
the double-excited state manifold allows for N − 1 possible
connections for the single exciton to the double-exciton
manifold. Hence, the probe pulse can promote dark-type
excitons to the double-exciton manifold. The ESA signal is
almost as strong as the GSB signal in the delocalized systems.
We show that the experimentally observed long-living ESA
signal30 presents a spectral signature of low-lying dark-type
multichromophoric states in chlorosomes.

■ CONCLUSIONS
This study deals with the nature and role of dark-type states in
chlorosomes, providing a novel insight into one of the

Figure 5. (a) Histogram of the DOS (in green), with the inverse participation ratio (dark blue) and oscillator strength (red) as the functions of
exciton energy. From here, we can observe the presence of low-lying localized (dark-type) excitons. These states are found in the lower edge of the
exciton band. (b) Representation of the ten lowest-lying exciton states in one simulation frame of the chlorosome system. Red sticks represent the
oscillator strength ( f = μ2), and blue stars represent the values of the inverse participation ratio. The states with the weakest signals have oscillator
strength ∼40× weaker than the strongest-superradiant states. These states delocalize over at least two molecules, confirming their
multichromophoric character.
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highlighted open questions on the mechanisms of photosyn-
thesis.5 Starting from the atomistic structure of chlorosomes
and molecular dynamics simulations,44 we constructed a
disordered Frenkel exciton model and computed the dynamics
of the 2D electronic spectra up to a delay time of 500 fs. Our
simulations capture the ultrafast dynamics in a single
chlorosome aggregate. We observe significant changes in the

line shapes and rounding of the peaks within the first 100 fs, in
line with the experiments.29,30

2DES experiments measure a total signal from which it is
not directly possible to separate the effects of different dynamic
processes, signifying the importance of explicit simulation of
the contributions of the GSB, SE, and ESA processes and
separating the excited state from the ground-state dynamics.
The decay of the SE signal on a sub-100 fs time scale shows
complete relaxation from the initially excited bright states
within the exciton band to dark-type states. The probe pulse
can promote these dark states to the double-excited state
manifold and contribute to the ESA signal. While experiments
reported this dynamic component,23,29 they omitted its
assignment as the energy transfer to the low-lying dark exciton
states. Our results show that the brightest states, responsible
for light absorption, are not significant in the energy transfer
processes to the baseplate, which are slower than the observed
sub-100 fs time scale. This provides new insights into the
mechanisms responsible for the efficiency of the function of
chlorosomes.
Dark states participate in and dominate the ultrafast exciton

dynamics occurring in a single chlorosome aggregate after 100
fs. Through the population of dark-type states, energy loss due
to radiative processes, such as re-emission, is effectively
suppressed. Their longer lifetime ensures that energy can be
efficiently transferred to the next complex,75 here the
baseplate.24,26 Similar dark-type exciton states are also present
on the band edge of the single-walled carbon nanotubes,76 with
comparable time scales of hundreds of femtoseconds of
relaxation of high-lying bright to low-lying dark-type excitons,
quantum dots,77 and other molecular aggregates7,65 and light-
harvesting antennae.5,6

We show how molecular disorder alters the exciton
landscape and redistributes the oscillator strength over many
exciton states, leading to the emergence of low-lying dark-type
exciton states in chlorosomes. These states are multi-
chromophoric, and they delocalize over at least two molecules.
Thus, we connect the multichromophoric low-lying exciton
states with the spectral signature that suggests their presence.
Our study focuses on isolated chlorosomes, raising the
question of how probable funneling through this energy

Figure 6. (a) Illustration of the local structural environment around a
representative central BChl c molecule (blue) surrounded by
neighbors in green, yellow, and red. The nearest neighbors, with
the strongest couplings, are in the same syn-anti stack (green
molecules), while the red and yellow molecules are in the neighboring
stacks. (b) Example of couplings between the central blue molecule
and its neighbors shown by highlighting the magnesium positions.
The Mg−Mg distances are given in Ångstrøm. More distant
magnesium atoms are shown as pink dots. (c) Distribution of the
exciton couplings (red) calculated for the initial structure of the
chlorosome tube. The large peak around zero, which goes far beyond
the scale of the y-axis, shows the presence of a large number of distant
pairs of weakly coupled molecules. Other peaks correspond to the
nearest-neighbor and next-nearest-neighbor couplings.

Figure 7. Jablonski diagrams compare dynamical processes captured
in the 2DES spectra of chlorosomes at t2 = 0 fs and t2 = 100 fs waiting
time.
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pathway is in the whole photosynthetic apparatus of green
sulfur bacteria.10,78 The longer lifetime of the dark-type states
can support efficient energy transfer to the baseplate, the next
light-harvesting complex in the photosynthetic apparatus of
green sulfur bacteria, occurring on a picosecond time scale,24

without the risk of radiative energy losses to which bright states
are susceptible. On the other hand, relaxation to the dark-type
states may compete with other pathways toward the baseplate.
Further investigations of the chlorosome-baseplate system
would provide valuable insights into the role of dark-type states
in energy transfer in green sulfur bacteria.
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