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Introduction

Exciton delocalization length in chlorosomes
investigated by lineshape dynamics of
two-dimensional electronic spectra

Sunhong Jun,?® Cheolhee Yang,?® Seungjoo Choi,© Megumi Isaji,”
Hitoshi Tamiaki, &2 ¢ Hyotcherl Ihee (2 *3° and Jeongho Kim () *©

A chlorosome, a photosynthetic light-harvesting complex found in green sulfur bacteria, is an aggregate
of self-assembled pigments and is optimized for efficient light harvesting and energy transfer under
dim-light conditions. In this highly-disordered aggregate, the absorption and transfer of photoexcitation
energy are governed by the degree of disorder. To describe the disorder, the number of molecules
forming excitons, which is termed exciton delocalization length (EDL), is a relevant parameter because
the EDL sensitively changes with the disorder of the constituent molecules. In this work, we determined
the EDL in chlorosomes using two-dimensional electronic spectroscopy (2D-ES). Since spectral features
correlated with EDL are spread out in the two-dimensional (2D) electronic spectra, we were able to
determine the EDL accurately without the effects of homogeneous and inhomogeneous line
broadening. In particular, by taking advantage of the multi-dimensionality and the time evolution of 2D
spectra, we not only determined the excitation frequency dependence of EDL but also monitored the
temporal change of EDL. We found that the EDL is ~7 at 77 K and ~6 at 298 K and increases with the
excitation frequency, with the maximum located well above the maximum of the absorption spectrum
of chlorosomes. The spectral profile of EDL changes rapidly within 100 fs and becomes flat over time
due to dephasing of initial exciton coherence. From the coherent oscillations superimposed on the
decay of EDL, it was learned that high-frequency phonons are more activated at 298 K than at 77 K.

intense sunlight. In chlorosomes of highly-disordered aggre-
gate structure, the degree of disorder would be a key factor for

A chlorosome is a photosynthetic light-harvesting antenna
system found in green sulfur bacteria and has been considered
as an excellent light-harvester with potential application for
artificial photosynthesis. A chlorosome consists of hundreds of
thousands of bacteriochlorophyll (BChl) molecules that are
self-assembled to form an aggregate through non-covalent
bonding and are thus highly disordered."™ Since green sulfur
bacteria live under dim-light conditions, chlorosomes must be
optimized to harvest solar energy with maximum efficiency,” in
contrast to light-harvesting systems found in higher plants and
algae equipped with mechanisms of self-protection from
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maximizing the efficiencies of absorption and transfer of
photoexcitation energy because it dictates the number of
molecules forming excitons and eventually modulates the
bandwidth of the absorption band. As the number of molecules
forming an exciton increases, the absorption band becomes
narrower due to exchange narrowing, which averages out
inhomogeneities of individual molecules involved in a deloca-
lized exciton.*” As a result, the spectral range for light absorp-
tion becomes narrowed, and the diversity of states needed for
energy funneling is reduced, thus deteriorating the light-
harvesting efficiency. The energy transfer efficiency of chloro-
somes at ambient temperature is exceptionally high, close to
unity,®° despite the increased degree of disorder at a higher
temperature, indicating that the disorder of the chlorosomal
aggregate is optimized for achieving high light-harvesting
efficiency.

When considering the relationship between the degree of
disorder and the light-harvesting efficiency, exciton delocaliza-
tion length (EDL), which refers to the number of molecules
forming excitons, is a relevant parameter to describe the
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disorder because the EDL sensitively changes with the disorder of
the constituent molecules. Since a chlorosome consists of hundreds
of thousands of BChl molecules strongly coupled to each other in
local regions, photoexcitation would create local excitons of various
EDLs. The EDL of an aggregate of chromophores can be determined
from the collective effects manifested in the optical response, for
example, exciton superradiance'’ and exchange narrowing."> How-
ever, the measurement of superradiance requires the knowledge of
the fluorescence quantum yield, which is generally not known very
well, and determining exchange narrowing requires the knowledge
of the disorder distribution experienced by a single molecule in the
aggregate, which is also not easily obtainable. Thus, both methods
have high uncertainties in determining the EDL. Another method of
determining the EDL is transient absorption (TA) spectroscopy."
While various time-resolved techniques have been developed to
investigate the optical, electronic, and structural properties of
photoinduced transient states,"*>* TA spectroscopy has served as
aworkhorse tool for characterizing the excitons formed by electronic
transitions. A TA spectrum contains (i) a positive contribution
arising from ground state bleaching (GSB) and stimulated emission
(SE) of the singly-excited states generated by the pump pulse and
(ii) a negative contribution arising from excited state absorption
(ESA) from the singly-excited to highly-excited states. The degree of
shift between the positive and negative features shows a strong
correlation with the degree of exciton delocalization, making TA
spectroscopy a more accurate and more practical method of deter-
mining the EDL than the measurement of exciton superradiance or
exchange narrowing, with less uncertainty.

While TA spectroscopy has been commonly used to estimate
the EDL in previous studies,>>>® it gives only the average EDL
over the entire excitation spectrum. Also, because homoge-
neous and inhomogeneous line broadenings are mixed in the
TA spectrum, it is difficult to determine the EDL accurately
from the TA spectrum. In this regard, two-dimensional electro-
nic spectroscopy (2D-ES) is a more appropriate method to
determine the EDL because the added dimension in the two-
dimensional (2D) spectrum allows us to distinguish homoge-
neous and inhomogeneous broadening and resolve the GSB/SE
and the ESA features more clearly. Besides, since the 2D spectra
give information on the correlation between the excitation and
emission frequencies and they are measured at various popula-
tion times, the dependence of EDL on the excitation frequency
as well as the time evolution of EDL can be determined. Thus,
in this work, we used 2D-ES to investigate the EDL in chloro-
somes. In particular, we not only determined the distribution of
EDL depending on the excitation frequency but also measured
the temporal change of EDL after photoexcitation. Also, we
examined the effect of the degree of disorder on the EDL by
performing 2D-ES measurements at two different tempera-
tures, 77 K and 298 K.

Experimental

The 2D-ES measurements were performed using the diffractive-
optic based setup.?® Briefly, 800 nm pulses of 50 fs duration
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were generated from a 1 kHz regenerative amplified Ti:sapphire
laser (Coherent Legend Elite seeded by Vitesse) and were
converted to visible pulses of 720 nm center wavelength and
60 nm bandwidth using a home-built, noncollinear optical
parametric amplifier (NOPA) based on all-reflective optics
design. A prism-pair compressor was used to compensate for
the dispersion of the transmissive optics in the NOPA and the
2D-ES setup, giving a pulse duration of 17 fs at the sample
position. The output from NOPA was focused on a diffractive
optical element (DOE; Holoeye DE228) and split into four
beams, which are +1 orders of the diffracted light, in a
BOXCARS geometry. The four beams were then focused into
the sample using a concave spherical mirror. Three beams
(beams 1-3) were used to induce the 3rd-order polarization
signal, and the fourth beam (beam 4) was attenuated by a
neutral density filter and used as the local oscillator (LO). The
time delays between pulses 1, 2 and 3 (beam 1-3) were
controlled using a pair of wedges inserted in an antiparallel
orientation. By translating only one of the pair of wedges using
a motorized stage, the time delay can be changed with a
2.7 attosecond resolution. For the 2D-ES measurements, the
third-order photon echo signal was detected in the ks = —k; +
k, + k; phase-matched direction, one corner of the BOXCARS
geometry. The LO field (beam 4), which was collinear with the
third-order signal field, was mixed with the signal, enabling the
phase-sensitive heterodyne detection using the spectral inter-
ferometry. The spectral interference fringes between the signal
and the LO fields were recorded using a spectrometer and a
CCD while scanning the time delay between pulses 1 and 2
(coherence time, t) and the delay between pulses 2 and 3
(population time, 7). Fourier transform of the measured signal
along the 7 axis gives the absorption frequency of w,, while the
emission frequency of w, is directly obtained by dispersed
detection using CCD, thus giving a 2D spectrum. The coherence
time 7 was varied from —125 fs to +125 fs in 0.25 fs increments,
and the population time T was varied from 0 to 480 fs in 5 fs
increments. The third-order signal at each 7 was collected with
a CCD integration time of 300 ms, and we repeated the scan in
the entire 7 and T ranges four times to check the reproducibility
of the signal. The time resolution of the measurement was
determined to be 15 fs at the sample position from a non-
resonant transient grating measurement of pure solvent (car-
bon tetrachloride). The frequency-resolved pump-probe spec-
tra were separately measured at various population times using
pulses 1 and 2 as pump and probe pulses, respectively. The 2D
spectra were phased by comparing the pump-probe spectra
and the projection of 2D spectra onto the wg axis at each
T. Chlorosomes were extracted from Chl phaeobacteroides,
which consists of BChl e molecules, and the diluted solution
of chlorosomes in 50 mM Tris-HCI buffer and glycerol 30:
70 v/v mixture with Na,S,0, added as the reductant was used as
the sample for the 2D-ES measurements. The optical density of
the sample solution was 0.3 in a sandwich-type sapphire cell of
0.2 mm optical path length. For the low-temperature measure-
ment, a cryostat (JANIS VPF-100) with liquid nitrogen as the
coolant was used to keep the sample at 77 K.

This journal is © the Owner Societies 2021
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Results and discussion

A. Energy-resolved EDL obtained from the 2D spectra of
chlorosomes

In the conventional femtosecond TA spectroscopic measure-
ment, pump pulses of broad bandwidths are often used. There-
fore, only an average EDL value for a broad range of excitation
frequencies is obtained from the TA measurement, with no
information on the excitation frequency dependence of EDL. In
principle, two-color TA spectroscopy employing narrowband
pump pulses at various excitation frequencies can be used to
obtain the excitation frequency dependence of EDL. In a pre-
vious two-color TA study on molecular aggregates,® it was
found that the EDL increases with the excitation frequency.
Also, the excitation frequency dependence of EDL in molecular
aggregates was predicted theoretically.>’® For example,
according to a theoretical study on J-aggregates,® the EDL
increases with the excitation frequency, and the excitation
frequency profile of EDL has the maximum at an energy higher
than the absorption maximum and matches well with the
density of states (DOS) distribution, indicating that the dark
states also contribute to the EDL.**?*

From the 2D electronic spectra measured with 2D-ES
employing broadband light sources, the correlation between
absorption and emission energies can be obtained at once, and
thus the EDL at a specific excitation frequency of interest can
be readily determined.?® Since a cross-section of an absorptive
contribution (that is, real part) of a 2D spectrum at an excita-
tion frequency, w,, is equivalent to a TA spectrum measured
with narrowband pump pulses of w, frequency, we can estimate
the EDL from the cross-section of the 2D spectrum using the
following equation:

2
EDL(w,) = ,/“XECL{)' —1 1)

where J is the strength of the intermolecular electronic coupling
among chromophores and A(w,) is the energy difference
between the GSB/SE and ESA features at the excitation fre-
quency w,. While the GSB and SE features originate from the
one-exciton transition from the ground state, the ESA feature
arises from the transition from the one-exciton state to the two-
exciton state and is thus energetically shifted from the GSB and
SE features. If the line broadening purely arises from the static
energetic disorder and the J value is known, the EDL can be
estimated from 4 using eqn (1).**

From the 2D spectra at 7 = 0 measured at 77 K and 298 K
shown in Fig. 1a and b, respectively, we determined 4 at each
. by taking the energy difference between the w, positions of
the maximum (GSB and SE) and the minimum (ESA) ampli-
tudes in a cross-section of the 2D spectrum (that corresponds to
a TA spectrum). With the J value determined from the energy
difference between the peaks in the absorption spectra of
chlorosomes and BChl monomers,***® the EDLs at various c,
values were calculated from the determined A values, as shown
in Fig. 1c. In other words, we obtained the excitation frequency
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Fig. 1 (a and b) Absorptive 2D spectra at (a) 77 K and (b) 298 K, with T=0
fs. The black line connects the positions of the maximum amplitudes in the
cross-sections along the w, axis. The red line connects the minimum signal
in the cross-section along a fixed w, above the black line. (c) The EDLs as a
function of w, at 77 K (solid black line) and 298 K (solid red line) calculated
from the absorptive 2D spectra. The normalized absorption spectra at 77 K
(dashed black line) and 298 K (dashed red line) are shown together. The
energy difference between the black and red lines is defined as 4. (d and e)
Rephasing 2D spectra at (d) 77 K and (e) 298 K. The black line connects the
positions of the maximum amplitudes in the cross-sections along the anti-
diagonal direction. The red line connects the minimum amplitudes at
higher energies than the diagonal line of the 2D spectra, and the white line
connects the minimum amplitudes at lower energies than the diagonal line
of the 2D spectra. The energy difference between the black and red lines is
defined as 4,epn, and the energy difference between the black and white
lines is defined as y. (f) The EDL as a function of energy along the diagonal
at 77 K (solid black line) and 298 K (solid red line) calculated from the
rephasing 2D spectra. The normalized absorption spectra at 77 K (dashed
black line) and 298 K (dashed red line) are shown together.
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dependence of EDL from the 2D spectra. First of all, it can be
seen that the w.-profile of EDL is nearly flat over the entire
absorption spectrum, which is in contrast to the EDL profile of
J-aggregates with EDL increasing sharply with the increase of
excitation frequency near the absorption maximum.** When
comparing the w.-profiles of EDL at 77 K and 298 K, it can be
seen that the EDL is higher at 77 K than at 298 K, indicating a
lower degree of disorder at a lower temperature. Here we note
that, while the 2D spectrum allows us to distinguish the
positive and negative features more clearly, with a minimal
overlap between those features, than the TA spectrum, there
still remains uncertainty about the exact positions of those
spectral features (and thus uncertainty about the EDL) due to
the finite bandwidth of the laser spectrum. Also, there is a
possibility that the overlap between the positive GSB/SE and
negative ESA features may change with w,, thus affecting the
A value and EDL. For example, considering that the positive 2D
peak is tilted down from the diagonal, the 4 value might be
overestimated as w, increases, resulting in the underestimation
of EDL.

To determine the EDL more accurately, we decomposed a 2D
spectrum into the rephasing and non-rephasing spectra by
separately processing the data collected at t > 0 and 7 < 0,
respectively. The rephasing spectrum contains contributions
from rephasing of induced dipoles in an inhomogeneous
distribution of transition energies (that is, photon echo signals)

Phys. Chem. Chem. Phys., 2021, 23, 2411-24117 | 2413
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and is elongated along the diagonal direction. In contrast, the
non-rephasing spectrum contains contributions from free
induction decay signals and is elongated along the antidiagonal
direction. The spectral lineshape of the 2D spectrum sensitively
changes with various parameters of a molecular ensemble. For
example, in the 2D spectra of chlorosomes, homogeneous
broadening, inhomogeneous broadening, and exchange nar-
rowing can be considered as the main factors that affect the
lineshape. We note that the lineshape changes induced by such
line-broadening mechanisms are manifested in orthogonal
directions in the 2D rephasing and 2D non-rephasing spectra.
For example, the inhomogeneous broadening increases the
bandwidth of a peak along the diagonal in the rephasing
spectrum but in the antidiagonal direction in the non-
rephasing spectrum. The exchange narrowing reduces the
bandwidth of a peak along the diagonal in the rephasing
spectrum and in the antidiagonal direction in the non-
rephasing spectrum. Since the measured 2D spectrum corre-
sponds to the sum of rephasing and non-rephasing spectra, to
estimate the effects of those line-broadening mechanisms on
the lineshape of 2D spectra and ultimately determine the EDL
accurately, it would be desirable to separate the 2D spectrum
into rephasing and non-rephasing spectra. In a theoretical
study on J-aggregates,®® it was shown that the 2D rephasing
spectrum provides a more effective means of determining the
EDL than the 2D total spectrum and only the rephasing
spectrum can be used for determining the EDL because the
exchange narrowing and the homogeneous broadening cannot
be separated in the non-rephasing spectrum. Thus, we used
only the 2D rephasing spectra for the determination of EDL.
According to a theoretical study on J-aggregates,® as
J increases, the negative ESA feature on the higher-energy side
in the 2D rephasing spectrum becomes stronger and red-
shifted, resulting in a decrease of the energy difference, termed
Arepn in Fig. 1d and e, between the positive GSB/SE feature and
the negative ESA feature on the higher-energy side. Therefore,
the same theoretical study suggested that 4., in the 2D
rephasing spectrum can serve as a sensitive measure of
EDL,** as 4 in the TA spectrum can be used for determining
the EDL. From the 2D rephasing spectra measured at 7= 0 at
77 K and 298 K shown in Fig. 1d and 1e, respectively, we
determined A..,, at each o, by taking the energy difference
between the positive feature and the higher-energy negative
feature in the antidiagonal direction. From the determined
Arepn values, the EDLs were calculated as a function of w,, as
shown in Fig. 1f. When comparing the . -profiles of EDL
shown in Fig. 1c and f, it can be seen that the EDL determined
from the 2D rephasing spectra is higher than the one deter-
mined from the 2D total spectra (that is, the sum of rephasing
and non-rephasing contributions). Specifically, from the 2D
total spectra, the EDL is estimated to be ~5 at 77 Kand ~4.5 at
298 K. In contrast, from the 2D rephasing spectra, the EDL is
estimated to be ~7 at 77 K and ~6 at 298 K. The larger EDL at
77 K confirms the lower degree of disorder at the lower
temperature as expected. These estimated EDLs are similar to
the values determined in previous studies on molecular
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aggregates.”” ™" In a recent theoretical study on molecular
aggregates, the EDL was determined to be smaller than ten at
low temperatures.’” From a TA study on a natural antenna
structure composed of Bchl a or Bchl ¢, the EDL was deter-
mined to be 2-6 at 298 K and 5-12 at low temperatures. The
higher EDL value determined from the 2D rephasing spectra
can be ascribed to the more effective elimination of inhomo-
geneous broadening and the more sensitive manifestation of
exchange narrowing in the 2D rephasing spectra than in the 2D
total spectra. Also, in agreement with the theoretical prediction,
the EDL determined from the 2D rephasing spectra increases
with the excitation frequency, showing a peak at an energy
higher than the peak of the absorption spectrum, as can be
seen from Fig. 1f.

B. Time evolution of EDL in chlorosomes

After the photoexcitation initially creates excitons in chloro-
somes, excitons would evolve over time, leading to the temporal
change of EDL. Although such evolution of EDL has never been
monitored previously, in principle, the EDL*® and its temporal
change®® can be determined from the 0-0 to 0-1 peak ratio in
the fluorescence spectrum.®® The 2D-ES measurement allows
us to measure the temporal change of EDL because the 2D
spectrum can be measured at various population times, and the
EDL can be determined for each 2D spectrum. To monitor
the temporal change of EDL relevantly using the 2D spectra, the
effect of homogeneous broadening on the spectral linewidth
needs to be corrected because the dephasing occurs to influ-
ence the spectral linewidth of the 2D spectrum. To do so, we
can make use of the ESA feature on the lower-energy side in the
2D rephasing spectrum. According to the theoretical study on
J-aggregates,® the negative ESA feature on the lower-energy
side in the 2D rephasing spectrum is barely affected by the
change of intermolecular coupling strength () that governs
exchange narrowing. According to the same theoretical study,**
the energy difference, termed y in Fig. 1d and e, between the
positive GSB/SE feature and the negative ESA feature on the
lower-energy side in the 2D rephasing spectrum is a damping
parameter related to the dephasing and can serve as a selective
measure of homogeneous broadening without the effect of
exchange narrowing. Specifically, the same theoretical study
showed that the ratio, y/4.cpn, is directly correlated with the
EDL, with the effect of homogeneous broadening eliminated
from A,epn by dividing by 7.** Specifically, when considering
that A, is inversely proportional to the EDL as can be seen
from eqn (1), the ratio, y/4;epn, can serve as a quantity that is
directly proportional to the EDL without the effect of homo-
geneous broadening.

The temporal evolutions of spectrally resolved y/A4epn at 77 K
and 298 K are shown in Fig. 2a and b, respectively. It can be
seen that, at early population times, the EDL is low at low
excitation energies (~13 600 cm™ ') and high at high excitation
energies (~14300 cm ). Subsequently, the w.-profile of EDL
becomes nearly flat at later population times. The w,-profiles of
7/Arepn at the time delays of 7'= 0 and 480 fs are compared in
Fig. 2¢ (77 K) and Fig. 2d (298 K). Compared with the w.-profile

This journal is © the Owner Societies 2021


https://doi.org/10.1039/D1CP03413H

Published on 09 September 2021. Downloaded on 1/24/2026 5:22:28 AM.

PCCP

®_(em™)

, (em”)
G

i 05
0100 200 300 400 0 100 200 300 400
T(fs) T(fs)

134 139 144 1.34 139 1.44
x10* @, (cm™) 10"

_ (cm™)

Fig. 2 Time evolution of the bandwidth ratio, y/4,epn, Obtained from the
rephasing 2D spectra at (a) 77 K and (b) 298 K. The dashed lines indicate
two representative energy points, at which time-dependent changes of
9/ Arepn are shown in Fig. 3. (c and d) The o.-profiles of y/4,epn at T =0 fs
(solid black line) and T = 480 fs (solid red line) at (c) 77 K and (d) 298 K. The
normalized absorption spectrum (dashed black line) at each temperature is
shown together.
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Fig. 3 (a and b) Temporal evolution of y/4epn at 14 300 cm™t (black
empty dots) and 13600 cm™ (red empty dots), which correspond to
dashed lines in Fig. 2a and b, and their fits using two damped cosine
functions and an exponential decay (solid lines of their corresponding
colors) at (a) 77 K and (b) 298 K.

of EDL calculated from A4,.p, shown in Fig. 1c and f, y/4,cpp at
T = 0 increases more sharply with the increase of excitation
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frequency. Also, it is noted that y/A4..p, keeps increasing with
excitation frequency in the spectral window covering the
absorption spectrum, indicating that the maximum of y/Aepp
is located at a much higher frequency than the absorption peak
of chlorosomes. Such a significant change of y/4,epn with the
excitation frequency is in better agreement with the w.-profiles
of EDL from the previous theoretical study on a J-aggregate,
compared with the EDL determined from only 4,cp, shown in
Fig. 1f. The location of the maximum EDL at a higher energy
than the absorption maximum of the J-aggregate indicates that
the center of DOS distribution is located at a much higher
energy than the absorption maximum, probably because there
exist many electronic states of BChl monomers in that spectral
range. Therefore, y/4..pn seems to better reflect the excitation
frequency dependence of EDL than the EDL calculated from
Arepn Only, probably because of the correction of homogeneous
broadening. The spectral profile of EDL changes rapidly within
100 fs, and, at T'= 480 fs, the w,-profile of EDL is nearly flat over
the entire spectral range. Such flattening of the EDL over time
can be ascribed to (i) the localization of excitations that are
initially generated at high-energy states and (ii) the population
relaxation from high-energy states to low-energy states.

To gain more insights into the decay dynamics of EDL, we
compared the time evolution of EDL at two representative
energy points, one on the high-energy side and the other on
the low-energy side from the absorption maximum, as indi-
cated by dashed lines in Fig. 2a and b. As the population time
after excitation increases, y/4.pn shows different time-
dependent behaviors at the low-energy and high-energy points
as shown in Fig. 3; that is, y/4..pn increases at the low-energy
point and decreases at the high-energy point, eventually con-
verging into a common value at both points. This anti-
correlated time dependence at the two different energies is in
agreement with the flattening of the spectral profile of EDL over
time, as shown in Fig. 2a and b, and such time dependence is
observed at both 77 K and 298 K, although it is somewhat
obscured at 77 K by strong coherent oscillations superimposed
on the decay or the rise. To separate the decay or rise from the
oscillations, the time-dependent change of y/A4..p, was fit with a
single exponential decay combined with two damping sinusoi-
dal functions, and the fitted parameters are shown in Table 1.
The time constants of the decay and rise components are
determined to be 55 fs on average at 77 K and 26 fs on average
at 298 K. These dynamics would correspond to the localization
of initially generated excitations as well as population

Table1 Fit parameters of the oscillations manifested in the temporal profiles of y/4,epn. The temporal profiles of y/A,epn at 14 300 cm~tand 13600 cm™*
were fit by the sum of two damping cosine functions and an exponential decay

1st oscillation

2nd oscillation Exponential decay

Frequency Phase Damping Frequency Phase Damping Decay

(em™) Amplitude (degrees) time (fs) (cm™%) Amplitude (degrees) time (fs) time (fs) Amplitude
14300 cm ' 77 K 159 0.09 316 101 364 0.24 -2 96 55 0.20
13600 cm™* 77 K 118 0.09 53 312 704 0.03 35 79 55 —0.09
14300 cm ' 298 K 114 0.02 -1 527 505 0.14 67 35 24 0.12
13600 cm ™' 298 K 105 0.01 -1 1.0 x 10° 689 0.05 25 52 28 -0.21
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relaxation from higher- to lower-energy states and are faster at a
higher temperature as expected.

The coherent oscillations superimposed on the exponential
decays may reflect the phonon modes associated with the
evolution of excitons. In particular, according to the fitting
analysis of the time-dependent change of y/4.p, shown in
Table 1, the amplitude ratio of the high-frequency and low-
frequency oscillations is much higher at 298 K than at 77 K.
While it has been reported that low-frequency molecular vibra-
tions mediate the efficient energy transfer in natural light-
harvesting complexes,*®> high-frequency molecular vibrations
tend to weaken the intermolecular coupling among
pigments.®*® Since the EDL is proportional to the intermole-
cular coupling strength as can be seen from eqn (1), the
attenuated intermolecular coupling would reduce EDL at a
higher temperature. However, the weakening of intermolecular
coupling would reduce the exchange narrowing as well, result-
ing in the broadening (or less narrowing) of the absorption
spectrum, which would be beneficial for light harvesting in the
dim-light environment.! Overall, the light-harvesting efficiency
would be maintained at an optimum level, irrespective of the
activation of high-frequency modes at ambient temperature.

Conclusions

In this study, we investigated the properties of exciton deloca-
lization in chlorosomes by applying 2D-ES. In particular, we
determined the EDL accurately without the effects of homo-
geneous and inhomogeneous line broadening by taking advan-
tage of the 2D spectra, where the spectral features correlated
with EDL are spread out in two dimensions. In addition, by
taking advantage of the multi-dimensionality of 2D spectrum,
we determined the excitation frequency dependence of EDL
and, by measuring the 2D spectra at various population times,
we monitored the temporal change of EDL. The EDL increases
with excitation frequency, with the maximum located well
above the maximum of the absorption spectrum of chloro-
somes. The spectral profile of EDL changes rapidly within
100 fs and becomes flat over time, due to dephasing of initial
exciton coherence. The analysis of coherent oscillations super-
imposed on the decay of EDL indicates that high-frequency
phonons are more activated at 298 K than at 77 K, but the
activated high-frequency modes are expected to influence the
light-harvesting efficiency only minimally. This work demon-
strates that the 2D-ES is an effective technique for studying the
spectral and temporal properties of EDL.
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