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ABSTRACT: Chlorosomes are the most efficient photosynthetic light-harvesting

complexes found in nature and consist of many bacteriochlorophyll (BChl) molecules
self-assembled into supramolecular aggregates. Here we elucidate the presence and the
origin of coherent oscillations in chlorosome at cryogenic temperature using 2D
electronic spectroscopy. We observe coherent oscillations of multiple frequencies
superimposed on the ultrafast amplitude decay of 2D spectra. Comparison of oscillatory
features in the rephasing and nonrephasing 2D spectra suggests that an oscillation of 620
cm™ frequency arises from electronic coherence. However, this coherent oscillation can
be enhanced by vibronic coupling with intermolecular vibrations of BChl aggregate, and
thus it might originate from vibronic coherence rather than pure electronic coherence.
Although the 620 cm™ oscillation dephases rapidly, the electronic (or vibronic)
coherence may still take part in the initial step of energy transfer in chlorosome, which is

comparably fast.

SECTION: Spectroscopy, Photochemistry, and Excited States

hlorosomes are the largest and the most efficient light-
harvesting complexes (LHCs) found in nature. They
consist of hundreds of thousands of bacteriochlorophyll (BChl)
molecules self-assembled into supramolecular J-type aggregates
without the involvement of any protein and exhibit strong
excitonic coupling among constituent BChl ¢, d, ¢, or f
molecules.' ™ The molecular architecture of chlorosomes is
unique in comparison with other natural LHCs, where several
pigments are held in precise positions by a protein scaffold.
This unique composition of chlorosomes allows us to readily
synthesize chlorosomes and their chemically modified ana-
logues in vitro.* Because of the processability and highly
efficient intrachlorosome energy transfer, chlorosomes are
envisioned as potential building blocks of artificial photosyn-
thesis.”™® There have been many efforts to characterize the
structure of chlorosomes, but their large size and the presence
of significant disorder prevents the structural determination at
the molecular level using X-ray crystallography. From
cryoelectron microscopy and NMR studies, it was proposed
that BChls are organized into curved lamellar structures or
multilayered rolls,”’~"? as schematically shown in Figure 1a, but
the exact arrangement of BChls within chlorosomes is still in
controversy.
In green sulfur bacteria, solar energy absorbed by the core of
chlorosomes is transferred to the baseplate consisting of BChl a
molecules and followed by energy transfer to the reaction
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center via the Fenna—Matthews—Olson (FMO) complex. The
time scales of these excited-state processes in chlorosomes have
been determined using time-resolved spectroscopic techni-
ques.”>™*° Although there are some discrepancies on the
assignment of the measured time constants to particular
processes, it was found that a series of energy-transfer processes
occur on various time scales ranging from hundreds of
femtoseconds to hundreds of picoseconds, reflecting hierarch-
ical structure of chlorosomes. For example, kinetic components
on the time scale of hundreds of femtoseconds were assigned to
rapid energy relaxation among the exciton states within an
individual layer of BChls, while the layer-to-layer energy
transfer in a chlorosome occurs on the time scale of a few
picoseconds.'®*™'® Then, the energy transfer from chlorosomes
to the baseplate occurs in tens to hundreds of picoseconds
depending on the species of chlorosome.">">'® In addition to
these relaxation processes, oscillations of 50—250 cm™
frequencies superimposed on the time-resolved signals were
observed and ascribed to coherently excited vibrational modes
of the BChl aggregate.'>'”~*!

Previously, most of the time-resolved studies on chlorosomes
were performed using (pump—probe) transient absorption
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Figure 1. (a) Schematic of the structure of chlorosome. BChls are
organized into either curved lamellar sheets or multilayered tubular
structures.”'® The size of a single chlorosome is about 100 X 200 X 30
nm (width X length X height).*”*® (b) Absorption spectrum (black
line) of chlorosome from Cbha. limnaeum measured at room
temperature and the spectral profile of the laser pulse (red line)
used for the 2D-ES measurement. The absorption band at 650—800
nm is ascribed to the Q, transition of the BChl e chlorosome. (c) Real
part of 2D spectra of chlorosome at T = 0 and 150 fs, which were
measured at 77 K. We note that the Q, transition energy slightly shifts
to red at 77 K, as indicated by the position of the major peak in the 2D
spectra. (d) Amplitude decay of 2D-ES signal at (w,, ®,) = (1.71, 1.71
eV) (black circles) along the T axis shown together with its double-
exponential fit (red line). The faster decay component has the time
constant of 21 fs. The amplitudes at other locations in the 2D
spectrum also change rapidly with similar time constants. It can be
clearly seen that oscillations are superimposed on the amplitude decay.

spectroscopy, whereby the transient changes of the absorption
spectrum after photoexcitation are measured. In transient
absorption spectra, various features arising from short-lived
excited states are often overlapped to one another along a
single energy axis, complicating its interpretation. In contrast,
two-dimensional electronic spectroscopy (2D-ES) spreads out
the excited-state absorption features into a 2D energy space
(composed of absorption and emission energy axes) so that
those features can be unambiguously resolved.”** As a result, a
2D spectrum measured at a specific time delay after
photoexcitation provides an instantaneous snapshot of
electronic coupling and energy transfer among different excited
states. In particular, when multiple excited states are coherently
excited by a broadband pulse, complex pathways of energy flow
among those states are obtained. Recently, this powerful
technique has allowed us to probe the excitation energy flow in
photosynthetic LHCs in real time, elucidating complex
pathways and mechanism of energy transfer.”*”** Notably, it
was proposed that long-lived electronic coherence generated
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among electronic excited states may play a crucial role in
achieving high efficiency of excitation energy transfer in natural
photosynthetic LHCs,”>>%**~** thus negating the traditional
mechanism of incoherent hopping (called Forster energy
transfer). Although the identity (whether electronic or
vibrational) and the exact role of the quantum coherence in
photosynthetic energy transfer are still in dispute, the
mechanism of energy transfer among the exciton states in
LHCs has become a hot topic of investigation in association
with an emerging field of quantum biology.****

Recently, 2D-ES was applied to chlorosomes (consisting of
BChl ¢ molecules) isolated from green sulfur bacteria,
Chlorobaculum (Cba.) tepidum and Chloroflexus (CfL)
aurantiacus, at room temperature and revealed that the ultrafast
(incoherent) diffusion of excitation energy on the sub-100 fs
time scale is responsible for the initial energy transfer in
chlorosome.®® In particular, any coherent oscillation was not
observed in that study, leading to the conclusion that the
chlorosome does not function as a coherent light-harvester. In
this work, we apply the broadband 2D-ES to a different type of
chlorosome (consisting of BChl e molecules) isolated from a
green sulfur bacterium, Cba. limnaeum (previously called
Chlorobium phaeobacteroides), at cryogenic temperature. In
contrast with the previous 2D-ES study, we clearly observed
coherent oscillations superimposed on the decay of 2D-ES
signal. From Fourier analysis, we elucidated the origins of the
coherent oscillations of multiple frequencies. In particular, the
oscillation of ~620 cm™' frequency originates from electronic
coherence, suggesting that coherent energy transfer mediated
by electronic coherence may be in effect in chlorosome.

The steady-state absorption spectrum of the chlorosome
consisting of BChl e molecules measured at room temperature
is shown in Figure 1b. The absorption band at 650—800 nm is
ascribed to the Q, transition of the chlorosome. The spectrum
of the laser pulse used in this experiment covers the entire
absorption band. Figure 1c shows the real (absorptive) part of
the 2D spectra measured at T = 0 and 150 fs. The principle and
the experimental details of 2D electronic spectroscopy are
described in the Supporting Information (SI). Most notably,
the spectrum at T = O fs contains a positive peak elongated
along the diagonal. This positive peak corresponds to the
contributions from ground-state bleaching (GSB) and stimu-
lated emission (SE) between the ground and the electronic
excited states involved in the Q, transition. As T increases, the
shape of the positive peak rapidly changes, becoming more
round in concurrence with the decreasing amplitude along the
diagonal. In particular, the amplitude of the positive peak grows
prominently below the diagonal, and thus the negative ESA
peak below the diagonal disappears, resulting in an asymmetric
peak shape with respect to the diagonal. The line shape change
of the peak occurs mainly on the time scale of 20—30 fs and is
completed within T = 150 fs with the peak shape staying almost
the same thereafter. Considering that the layer-to-layer energy
transfer takes hundreds of femtoseconds to a few picoseconds,
this ultrafast change of the 2D line shape must correspond to
downhill energy relaxation in a coherent domain or among
coherent domains within a BChI layer, as was assigned in the
previous 2D-ES study®® and theoretical investigations®*° on
chlorosomes. Here a coherent domain refers to a region where
several BChl molecules are strongly coupled to each other and
have excitonic wave functions delocalized over those coupled
chromophores (that is, exciton delocalization).
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We note that the previous 2D-ES study on chlorosomes at
room temperature did not report any oscillatory component in
the population-time evolution of the 2D-ES signal.*® In
contrast, in our 2D spectra for chlorosomes at cryogenic
temperature, we clearly see that oscillations are superimposed
on the amplitude decays of the 2D-ES signal along T axis and
persist over the time window of 480 fs in our measurement.
(See Figure 1d.) In the initial study that proposed the
involvement of quantum coherence in energy transfer in a
photosynthetic LHC (FMO complex), such long-lasting
oscillation of the amplitude in the 2D spectra along the
population time T was regarded as the evidence of long-lived
electronic coherence among the exciton states of multiple
pigment chromophores.”> However, coherent oscillation of the
2D spectra can also arise from another origin, that is, local
vibrational modes, which is not directly related to the efficiency
of energy transfer. Since then, there has been much dispute on
the origin of the oscillation, whether it is from purely electronic
or vibrational coherence and whether such quantum coherence
plays any important role in efficient energy transfer of
photosynthetic LHCs.*"* Unfortunately, the oscillations of
the two different origins are supposed to appear at the same
locations in the 2D spectrum, making the assignment difficult.
Accordingly, several methods of distinguishing the two types of
coherences,>>*™* or lack thereof,*® were proposed. Thus far,
the most reliable method of distinguishing the coherences of
two different origins is to decompose a 2D spectrum into
rephasing (R) and nonrephasing (NR) components and
examine the presence of oscillations at various locations on
the R and NR components.>>**** The oscillation arising from
electronic coherence appears only (1) at the cross peaks on the
R spectrum and (2) at the diagonal peaks on the NR spectrum.
In contrast, the oscillation originating from vibrational
coherence appears at both cross and diagonal peaks on the R
and NR spectra.

Following this comparative test between R and NR spectra,
we decomposed our 2D spectra into R and NR components, as
shown in Figure S2 in the SI, and examined the origin of the
coherent oscillations. Because a chlorosome consists of
hundreds of thousands of BChl molecules and therefore has a
manifold of exciton states, it is impossible to check the presence
of oscillations at specific locations on the 2D spectrum on a
state-by-state basis, as was done for other smaller LHCs.
Instead, to systematically check the locations where the
oscillation is present distinctly, we assembled together a series
of 2D spectra measured at various population times to
construct a 3D data set in the (w,, T, @,) domain and then
Fourier-transformed the 3D data with respect to T to generate
a 3D spectral solid in the (@, w7, ®,) domain.*” To consider
only the oscillatory components that have small amplitudes
relative to the overall 2D-ES signal, the Fourier transform with
respect to T was performed after subtracting the exponential fit
of the amplitude decay at every location in the 2D spectrum.
For simplicity, instead of showing the entire 3D spectral solid,
we show only the representative slices of the spectral solid, that
is, 2D Fourier transform (FT) maps at selected frequencies of
@7 = 140 and 620 cm™" in Figure S3a in the SI and Figure 2a,
respectively. Each 2D FT map demonstrates the distribution of
the oscillation of a selected @ frequency over the entire 2D
spectrum.

Among coherent oscillations of multiple frequencies
observed in our data, the most pronounced oscillation of 140
cm™! frequency was found to originate from vibrational
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Figure 2. (a) Rephasing (left) and nonrephasing (right) 2D FT maps
for the 620 cm™ oscillation. (b) Line slices of the 3D spectral solid
along the w; axis (that is, FT spectrum with respect to w;) for
rephasing (green line) and nonrephasing (red line) components at
four selected points, CP12, CP21, DP11, and DP22, on the 2D spectra
as indicated by green (rephasing) and red (nonrephasing) points on
the 2D FT maps shown in panel a.

coherence according to the comparative test, as described in
detail in the SI. Here we focus on the oscillation of 620 cm™
frequency. The R and NR components of the 2D FT maps for
the 620 cm™' oscillation are shown in Figure 2a. The R
component has the largest amplitude at a cross-peak position
below the diagonal, while the NR component shows the
maximum amplitude at a diagonal-peak position with similar @,
energy as the maximum-amplitude cross-peak position in the R
component. On the basis of this observation, we examined the
origin of this oscillation by looking into the line-slices of the 3D
spectral solid along the @ axis (that is, FT spectrum with
respect to @) at four selected points on the 2D spectra: CP21
(1.761, 1.685 eV), DP11 (1.685, 1.685 eV), CP12 (1.685, 1.761
eV), and DP22 (1.761, 1.761 eV). The first two points, CP21
and DP11, are the locations where the R and NR components
of the 2D FT map exhibit the largest amplitudes, respectively,
and the latter two points are the conjugate pairs of the first two
points on the 2D spectrum. We note that the difference
between absorption and emission frequencies, lw, — @/, is
~620 cm™ at CP21 and CP12, which is in agreement with the
principle that a quantum beat of a certain frequency is expected
to appear at the locations where lw, — @/ matches the beat
frequency.

As can be seen in Figure 2b, in the line-slices at CP21, there
is clearly a (negative) peak in the @y frequency region of 85—
655 cm™' in the R component but no peak in the NR
component. In contrast, in the line-slices at DP11, the NR
component has a distinct (negative) peak at ~620 cm™’, but
the R component does not. For the line-slices at CP12, both R
and NR components have nonzero values in the frequency
region of interest, but they are of opposite signs (and thus out
of phase by ~180°) to each other, indicating that they are of
different origins and the R component certainly has nonzero
amplitude. For DP22, the NR component has a much larger
peak at 620 cm™ than the R component. Summing up these
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Figure 3. Time-domain traces for the rephasing (green circles) and nonrephasing (red circles) spectra and their global fits (black) at the selected
points in Figure 2a. The oscillatory component of 654 cm™" frequency and 60 fs dephasing time (blue) is identified only at CP21 (R), DP11 (NR),

CP12 (R), and DP22 (NR).

observations, the oscillation of 620 cm™ frequency is present
only at the cross-peak points (CP21 and CP12) in the R
component and at the diagonal-peak points (DP11 and DP22)
in the NR component. Therefore, according to the comparative
test, the oscillation of 620 cm™ frequency presumably
originates from electronic coherence.

To confirm the origin of these oscillations, we performed the
linear prediction singular value decomposition (LPSVD) and
the global fitting analyses for the time-domain traces at the
selected points in Figure 2a. The details of the LPSVD and the
global fitting analyses are described in Sections 9 and 10,
respectively, in the SI, and the complete LPSVD and the global
fitting parameters are listed in Table S2 and S3, respectively, in
the SI. The time traces and their global fits are shown in Figure
3. From both analyses, we were able to identify an oscillatory
component with the frequency of ~620 cm™' (and the
dephasing time of 60 fs) only at the CPs of the R spectrum
and at the DPs of the NR spectrum. We note that the
oscillatory components identified for CP12 (R) and DP22
(NR) have smaller amplitudes than the ones found for CP21
(R) and DP11 (NR). This difference of the amplitudes seems
to be caused by smaller signal amplitudes at CP12 and DP22,
which is the general case in the 2D spectra of LHCs. (See
Section 8 of the SI for details.) As expected, the frequencies of
those oscillations extracted from the time-domain traces match
well with lo, — @/ at CP21 and CP12 within ~85%. Thus, the
comparative test between R and NR spectra suggests that the
oscillation of 620 cm™' frequency originates from electronic
coherence. Here we note that the 620 cm™ oscillation has
much smaller amplitude compared with the 140 cm™
oscillation. This comparison of the oscillation amplitudes
supports our assignment because, in molecular aggregates, the
oscillations induced by vibrational coherence are expected to be
much stronger than the ones induced by electronic coherence
according to a theoretical study.*’

According to the LPSVD and global fitting analysis, the 620
cm™" oscillation assigned to electronic coherence in chlorosome
exhibits much shorter lifetime (60 fs) than the electronic
coherence beats observed in other LHCs.2>3%3%3% In general,
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such ultrashort lifetime is characteristic of electronic coherence.
Specifically, the short-lived beating in chlorosome can be
accounted for by several factors, for example, higher density of
exciton states and relatively larger reorganization energy in
chlorosomes than in other smaller LHCs. In addition,
dephasing of the electronic coherence in chlorosome must be
influenced by the supramolecular structure of chlorosome.
Unlike other smaller LHCs, a chlorosome has significant static
heterogeneity among coherent domains in a BChl layer as well
as among BChl layers constituting a single chlorosome. The
electronic coherence in chlorosome will be generated only
within each coherent domain, where the delocalized exciton
states of different energies can be coherently excited. Because of
the heterogeneity among coherent domains, even slight
differences in the phase of the coherence beats from many
coherent domains will lead to destructive interference by
ensemble averaging.sé“m’49 Therefore, 2D-ES signal measured
for an ensemble of coherent domains in a chlorosome will
exhibit faster dephasing than the signal measured only for a
single coherent domain. Considering this additional artificial
dephasing mechanism induced by heterogeneity, there is a
possibility that the electronic coherence in individual coherent
domains might be longer-lived than measured by 2D-ES.*
Related to this issue, a recent theoretical study proposed that
2D-ES can significantly underestimate the lifetime of electronic
coherences due to the destructive interference with several
pathways that are not important for excitonic energy transfer,
for example, interference with vibrational coherences.>
Although the comparative test between R and NR
components presented above yielded a conclusion that the
oscillation of 620 cm™ frequency arises from electronic
coherence, we cannot completely rule out the involvement of
vibrational modes that are vibronically coupled to the electronic
Q, transition. In particular, we note that the oscillations
examined in this work match well the vibrational frequencies
(138, 276, 626 cm™, ...) of the BChI aggregate obtained from
the atomistic calculation of spectral density for model
chlorosomes consisting of multilayered rolls.>* (See Figure S7
in the SL) The vibrational frequencies that appear in the
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spectral density correspond to vibrational modes whose nuclear
displacement can modify the excitation energy, that is, the
vibrational modes with strong vibronic coupling. In particular,
the vibrations in the low-frequency region below 1000 cm™ are
ascribed to intermolecular interactions between the BChl
molecules. The 140 cm™" oscillation, the most pronounced
coherent oscillation in our 2D-ES data, must arise from these
intermolecular vibrations in a BChl layer, in agreement with our
assignment of this oscillation to vibrational coherence. The 620
cm™! oscillation, which was identified to originate from
electronic coherence according to the test in the previous,
can also be enhanced by borrowing the oscillator strength from
the intermolecular vibrations of the same frequency via vibronic
coupling, and thus it might originate from vibronic coherence
rather than pure electronic coherence. In fact, the role of
vibrations for enhancing the energy transfer in various
biological and chemical systems has attracted much interest
recently.*”>' ™’ In particular, this consideration can be
supported by recent theoretical developments to account for
the potential role of quantum coherence in photosynthetic
energy transfer, for example, vibronic-exciton
model.**"*373%%7 According to this model, in molecular
aggregates and photosynthetic LHCs, strong vibronic coupling
between excitons and quantized vibrations quasi-resonant with
excitonic energy gaps may significantly enhance the lifetime of
coherent oscillations as well as the efliciency of energy transfer.
In this regard, it would be of much interest to theoretically
explore the effect of vibronic coupling on the energy transfer in
chlorosome. From this perspective, it is also possible that the
vibrational modes of other frequencies assist establishing
electronic coherences. For example, the spectral density
calculated for BChl aggregate has much larger intensities
(and thus stronger vibronic coupling) in the 1500—2000 cm ™
region than below 1000 cm ™. (See Figure S7 in the SL) Our
measurement was not able to resolve such high-frequency
oscillations due to limited signal-to-noise ratio, but it might be
possible to detect the high-frequency oscillations with improved
temporal stability of the laser system.

Despite the rapid dephasing of the coherent oscillation
arising from electronic (or vibronic) coherence, it is plausible
that the coherence may still contribute to the earliest stage of
energy transfer in chlorosome. According to the line-shape
dynamics of the positive 2D peak presented above, the energy
transfer within a coherent domain occurs on a 20—30 fs time
scale. This time scale is comparable to or even shorter than the
dephasing time of the coherent oscillation at 77 K. Therefore,
before the coherent oscillation completely dephases, it has a
good chance of completing at least one oscillatory period (= 54
fs for 620 cm™ oscillation). According to theoretical
investigations, a complete sampling of all possible energy
transfer pathways by a full period of quantum beating and
subsequent excitation trapping at an energetic minimum by
rapid dephasing is the optimum condition for unidirectional
and efficient coherent energy transfer.**~%

From the dephasing time of 60 fs at 77 K measured in this
work, we can estimate the room-temperature dephasing time of
~15 fs, assuming that the dephasing rate is linearly proportional
to the temperature in the Markovian limit.®" With the time
resolution of our experiment (15 fs), it might be challenging to
measure the oscillation undergoing such rapid dephasing at
room temperature, which was probably the case in the previous
2D-ES study of chlorosome at room temperature.*® The
estimated dephasing time at room temperature well-matches a
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theoretically predicted value at 300 K by an atomistic
calculation for model chlorosomes consisting of multilayered
rolls.%> Even with ~15 fs dephasing time (= time constant of an
exponential decay), the complete decay of the beating will take
~50 fs. This time scale is long enough to complete one cycle of
beating and short enough to collapse the coherence for
excitation trapping at an energetic minimum. This scenario
becomes more realistic when considering that the dephasing
time in individual coherent domains can be longer without the
previously mentioned artificial dephasing induced by hetero-
geneity. Therefore, the electronic (or vibronic) coherence may
take part in the initial step of energy transfer in chlorosome,
which is comparably fast as the dephasing of electronic
coherence. However, it still needs to be investigated whether
the electronic coherence enhances the rate and the efficiency of
the initial ultrafast energy transfer and whether the enhance-
ment of energy transfer rate on the ultrashort time scale
influences the energy transfer on longer time scales.

In conclusion, we elucidated the presence and the origin of
coherent oscillations in chlorosome from Cba. limnaeum at
cryogenic temperature by applying 2D-ES. The result of this
work provides the first evidence of quantum coherence of
electronic origin observed in chlorosome and may stimulate
theoretical studies that investigate the potential roles of
electronic and vibrational coherences in ultrafast energy transfer
in chlorosome at the microscopic level. On the experimental
side, the 2D-ES experiment on single chlorosomes, where the
ensemble averaging can be alleviated, will give further insights
into the origin of the coherent oscillations and potential roles of
quantum coherence in photosynthetic energy transfer.
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