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Role of Thermal Excitation in Ultrafast Energy 
Transfer in Chlorosomes Revealed by Two-
Dimensional Electronic Spectroscopy 
Sunhong Jun,a,b Cheolhee Yang,a,b Tae Wu Kim,a,b Megumi Isaji,c Hitoshi Tamiaki,c 
Hyotcherl Ihee*a,b and Jeongho Kim*d  

Chlorosomes are the largest light harvesting complexes in nature and consist of many 
bacteriochlorophyll pigments forming self-assembled J-aggregates. In this work, we apply two-
dimensional electronic spectroscopy (2D-ES) to investigate ultrafast dynamics of excitation energy 
transfer (EET) in chlorosomes and their temperature dependence. From time evolution of measured 2D 
electronic spectra of chlorosomes, we directly map out the distribution of EET rate among manifold of 
exciton states in a 2D energy space. In particular, we found that the EET rate varies gradually 
depending on the energies of energy-donor and energy-acceptor states. In addition, from comparative 
2D-ES measurements at 77 K and room temperature, we found that the EET rate exhibits subtle 
dependence on both exciton energy and temperature, demonstrating the effect of thermal excitation 
on the EET rate. This observation suggests that active thermal excitation at room temperature prevents 
the excitation trapping at low-energy states and thus promotes efficient exciton diffusion in 
chlorosomes at ambient temperature. 
 
 

Introduction 

Excitation energy transfer (EET) in photosynthetic light 
harvesting complexes (LHCs) is a key process of 
photosynthesis and thus has attracted much interest with 
implications for solar energy applications. In photosynthetic 
LHCs, electronic excitations are generated by the absorption of 
sunlight and then transported towards the reaction centre, where 
charge separation occurs to generate biological energy.1-2 For 
efficient funnelling of the excitation energy into the reaction 
centre, there should be a fine balance between energy transfer 
and excitation trapping, which is influenced by multiple 
processes such as downhill energy migration, uphill energy 
transfer by thermal excitation, and phonon-assisted energy 
hopping.3 In fact, the unidirectional EET processes through 
many pigments in the photosystem exhibit remarkably high 
efficiency close to a unity. For the development of novel 
optoelectronic devices of high performance, it will be desirable 
to understand the mechanism of such highly efficient EET in 
natural photosynthesis and ultimately learn the molecular 
design principles of artificial photosynthesis.3 
 Chlorosomes, the largest light harvesting complexes found 
in nature, are a unique family of LHCs that are composed of 
only bacteriochlorophyll (BChl) pigments without the support 
of any protein matrix. Specifically, in chlorosomes, up to 

hundreds of thousands of BChls are non-covalently bound to 
each other in a head-to-tail direction to form self-assembled 
aggregates with strong J-type excitonic coupling, resulting in 
manifold of closely spaced exciton states.4-5 The chlorosomal J-
aggregates not only exhibit high exciton mobility superior to 
any other organic molecular systems6 but also are synthesizable 
and chemically modifiable in vitro.7 Therefore, chlorosomes are 
envisioned as a potential building block of nanoscale 
optoelectronic devices such as solar cells,8-9 photodetectors,10 
and other excitonic devices.11-12 
 In chlorosomes, a series of EET processes occur on a broad 
range of time scales from tens of femtoseconds (fs) to hundreds 
of picoseconds (ps), while the interpretation of individual EET 
steps is still controversial due to (1) variation of their time 
scales depending on the probing technique or the type of BChls 
constituting chlorosomes and (2) complex hierarchical structure 
of chlorosomes consisting of multi-layered tubes and/or curved 
lamellar layers with significant structural disorder.13-21 For 
example, kinetic components on the time scale of a few to tens 
of ps were assigned to inter-layer or inter-chlorosome EET16-17, 

19-21 while the kinetics occurring in tens to hundreds of 
picoseconds were assigned to EET from chlorosomes to the 
baseplate.14, 17, 19 Recently, the earliest stage of EET processes 
in chlorosomes was probed on sub-100 fs time scale with two-
dimensional electronic spectroscopy (2D-ES) and was assigned 
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to downhill energy relaxation (and exciton diffusion in space) 
within or among coherent domains in a single layer of BChls.22-

23 In addition, coherent oscillations of electronic origin were 
observed by 2D-ES, serving as an evidence of coherent energy 
transfer involved in the initial stage of EET in chlorosomes.23 
 The dynamics of EET among various excited states in 
chlorosomes as well as other photosynthetic LHCs have been 
studied intensely using various time-resolved spectroscopies4, 

13-15, 17-18, 24-27 and theoretical calculations.5, 28-32 In particular, 
transient absorption (TA) spectroscopy has been used as a 
major experimental tool for investigating the EET dynamics in 
LHCs so far. A series of TA spectra represent transient 
population changes of electronic states induced by 
photoexcitation. However, in a TA spectrum, various features 
arising from different excited electronic states are overlapped 
with one another along an emission energy axis and therefore 
the interpretation of the TA spectra is often very complicated, 
especially for complex molecular assemblies like chlorosomes. 
Alternatively, TA measurement can be implemented with 
narrow-band pump and probe pulses so that the EET dynamics 
between a specific pair of electronic states can be probed 
selectively. However, such approach requires many 
measurements with various combinations of pump and probe 
wavelengths to cover a broad spectral range of the absorption 
spectra of LHCs. In contrast, 2D-ES provides 2D spectra where 
the contributions of various excited states are resolved in a 2D 
energy space (composed of absorption and emission energy 
axes) rather unambiguously. Also, by making use of broadband 
pulses, electronic transitions to various excited states in a broad 
spectral range and the EET among those states can be covered 
by a single measurement. Because a 2D spectrum measured at a 
specific time delay after photoexcitation provides an 
instantaneous snapshot of electronic coupling and energy 
transfer among manifold of excited states, the analysis of a 
series of 2D spectra measured at various time delays after 
photoexcitation can help to elucidate complex pathways of 
energy flow in the excited states rather unambiguously. 
Recently, 2D-ES has been used to map the complex pathways 
of EET among manifold of excited states in LHCs and provided 
an evidence of coherent energy transfer associated with highly 
efficient EET in natural LHCs.33-38 
 In this work, we apply 2D-ES to chlorosomes to investigate 
the details of temperature-dependent, ultrafast EET dynamics 
occurring in the excited states of chlorosomes. From the time 
evolution of measured 2D electronic spectra, we directly 
mapped out the distribution of EET rate among manifold of 
closely spaced exciton states in chlorosomes in a 2D energy 
space. In particular, we found that the EET rate varies gradually 
depending on the energies of energy-donor and energy-acceptor 
states. In addition, from comparative 2D-ES measurements at 
77 K and room temperature (RT, 293 K), we found that the 
EET rate exhibits subtle dependence on both exciton energy 
and temperature, demonstrating the effect of thermal excitation 
on the EET rate. Therefore, the 2D distribution map of EET 
rate extracted from the 2D spectra reflects the Boltzmann 
distribution of populations in the excited states of chlorosomes 

at a given temperature. Based on the subtle dependence of EET 
rate on exciton energy and temperature, we infer that active 
thermal excitation at RT prevents the excitation trapping at 
low-energy states and thus can promote efficient exciton 
diffusion in chlorosomes at ambient temperature, which is an 
evidence of how cleverly Nature designed the EET processes in 
photosynthetic LHCs. 

Methods 

Sample preparation 

Chlorosomes consisting of BChl e molecules were isolated 
from Chlorobaculum limnaeum (formerly known as 
Chlorobium phaeobacteroides) 1549.39 We prepared a diluted 
sample solution of chlorosomes in a 30:70 (v/v) mixture of 50 
mM Tris–HCl buffer and glycerol and added Na2S2O4 as 
reductant. The optical density of the sample solution was 0.3 at 
the absorption peak in a sandwich-type sapphire cell of 0.2 mm 
optical path length. For the measurement at low temperature 
(77 K), the sample was kept in a cryostat (JANIS VPF-100) 
using liquid nitrogen as coolant. For the measurement at RT 
(293 K), we also placed the sample in the cryostat to keep the 
experimental condition (for example, dispersion added to the 
laser pulses by the front window material of the cryostat) the 
same as the measurement at 77 K. To prevent the effect of 
exciton annihilation on the decay of 2D-ES signal, the energy 
of the laser pulses used for the 2D-ES measurement was kept at 
~1.2 nJ per pulse. The resultant excitation intensity was 5.5 × 
1011 photons/cm2 per pulse that satisfies the exciton 
annihilation-free condition.19 

Two-dimensional electronic spectroscopy 

The 2D-ES measurement was performed using a setup based on 
the diffractive optic as shown in Fig. S1 in the Electronic 
Supplementary Information (ESI).23, 40-41 Briefly, the 800 nm 
pulses of 50 fs duration generated from a 1-kHz regenerative 
amplified Ti:sapphire laser (Coherent Legend Elite seeded by 
Vitesse) were converted to visible wavelengths by a home-built 
noncollinear optical parametric amplifier (NOPA). The 
broadband NOPA output pulses of 720 nm centre wavelength 
and 80 nm bandwidth were compressed by a prism compressor. 
Using a diffractive optic (DO; Holoeye DE228), the incident 
NOPA beam was split into four beams arranged in the 
BOXCARS geometry. Three beams (1 – 3) were used to induce 
the 3rd-order photon echo signal while beam 4 was attenuated 
by a factor of 103 using a neutral density filter and used as the 
local oscillator (LO). The accurate time delays between the 
pulses 1, 2 and 3 were controlled by pairs of glass wedges 
inserted into the beams 1 – 3 in an anti-parallel orientation. For 
the 2D-ES measurement, the photon echo signal was irradiated 
in the ks = −k1 + k2 + k3 phase-matched direction, which is one 
corner of the BOXCARS geometry. The LO field (beam 4), 
which is collinear with the signal field, mixes with the signal 
and enables the phase-sensitive heterodyne detection using the 
spectral interferometry. The spectral interference fringes 
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between the signal and the LO were recorded with a 
spectrograph and a CCD while scanning the time delay between 
pulse 1 and 2 (coherence time, τ) and the delay between pulses 
2 and 3 (population time, T). The coherence time τ was varied 
from –125 fs to +125 fs by 0.25 fs increment, and the 
population time T was varied from 0 to 480 fs by 5 fs increment. 
We obtained the absorption frequency ωτ by Fourier 
transforming the measured signal along τ axis, while the 
emission frequency ωt was directly obtained by the dispersed 

detection using a combination of the spectrograph and the CCD, 
thus giving a 2D spectrum. The time resolution of the 
experiment was determined to be 15 fs at the sample position 
from a non-resonant transient grating measurement of pure 
solvent (carbon tetrachloride) as shown in Fig. S2 in the ESI. 
The 2D spectra were phased by comparing a separately 
measured transient absorption spectrum and the projection of a 
2D spectrum onto ωt axis at each T. 

 
Fig. 1 2D spectra of chlorosomes at various population times at 77K and RT. Real (absorptive) part of 2D spectra of Chlorobaculum limnaeum chlorosomes measured 
at (a) 77 K and (b) RT. The 2D spectra at the population times of T = 0, 20, 40, 60, 200, and 400 fs are shown. 

Results and discussion 

Two-dimensional electronic spectra of chlorosomes 

The steady-state absorption spectrum of BChl e chlorosomes 
from Chlorobaculum limnaeum was measured at RT as shown 
in Fig. S3 in the ESI. The absorption band peaked at 1.73 eV 
(718 nm) is ascribed to the Qy transition of the chlorosomes. 
Since chlorosomes are J-aggregates, the Qy absorption band is 
red-shifted compared with that of BChl e monomers (1.90 eV; 
654 nm).42 Also, we note that the absorption spectrum at 77 K 
is red shifted by ~0.02 eV compared to the one at RT. The 
spectrum of the laser pulses (see Fig. S3 in the ESI) used in this 
experiment is broad enough to cover the entire Qy absorption 
band and therefore all the lowest exciton states of chlorosome 
can be coherently excited. 
 Fig. 1 shows the real (absorptive) part of the 2D spectra 
measured at 77 K and RT at various population times, T = 0, 20, 
40, 60, 200, and 400 fs. The principle and the experimental 
details of 2D-ES are described in the ESI. It is notable that the 
spectrum at T = 0 contains a positive peak elongated along the 
diagonal at both 77 K and RT. This positive peak corresponds 
to the contributions from ground-state bleaching (GSB) and 
stimulated emission (SE) between the ground and the excited 
electronic states involved in the Qy transition. It can also be 
seen that the positive peak is slightly tilted off the diagonal, 
which results from strong excitonic coupling among manifold 

of electronic states.35 Besides the positive peak, two negative 
peaks are observed above and below the diagonal peak and they 
arise from excited state absorption (ESA) into higher-lying 
excited states. 
 In the 2D spectrum at T = 0, the positive peak has a large 
width (80 – 100 meV) along the diagonal, which indicates the 
presence of significant inhomogeneous broadening responsible 
for the broad Qy absorption band. Such large inhomogeneous 
broadening is observed even in single-molecule fluorescence 
and absorption spectra of individual chlorosomes, which exhibit 
a large distribution of peak positions and peak widths.43 
Considering that the single-molecule spectra of individual 
chlorosomes at low and ambient temperatures do not show 
significant narrowing compared to the ensemble spectrum, the 
inhomogeneous broadening must be the property of a single 
chlorosome. Previously, the origin of the large inhomogeneous 
broadening in chlorosomes was ascribed to the size variation of 
local coherent domains within a layer of BChls.22 A coherent 
domain refers to a region where strongly coupled BChl 
molecules have a delocalized excitonic wave function and the 
size of a coherent domain is governed by intermolecular 
electronic interactions and static disorder imposed by the 
environment.44 In J-aggregates and organic conjugated 
polymers, coherent domains usually have finite sizes due to 
structural disorder and local defects.45-46 While it is common 
that J-aggregates have narrower absorption band than 
monomers due to exchange narrowing,47 chlorosomes do not 
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exhibit significant spectral narrowing compared to BChl e 
monomers, indicating a high level of disorder and thus 
significant size variation of coherent domains in chlorosomes. 

Line shape dynamics of 2D spectra 

As the population time (T) increases, the positive peak becomes 
rounder due to (1) the amplitude decrease along the diagonal 
and (2) the amplitude increase below the diagonal. As a result, 
at large T values, the round positive peak is located below the 
diagonal and obscures the negative ESA peak below the 
diagonal. The line shape change of the positive peak is 
completed within T = 100 fs and the peak shape stays almost 
the same thereafter. Since the change of the line shape, 
especially the significant amplitude increase below the diagonal, 
can be regarded as the growth of cross peaks below the 
diagonal, we can attribute the ultrafast line shape dynamics to 
rapid downhill energy migration towards low-energy states as 
was assigned in our previous work.23 Previously, similar 
downhill energy equilibration on sub-100 fs time scale was 
reported for a different type of chlorosomes22 and a 
photosystem I trimer from a cyanobacterium.48 

 
Fig. 2 (a, b) Time-dependent change of the bandwidth of a positive 2D peak in 
the (a) diagonal and (b) antidiagonal direction at RT (red) and 77 K (blue). The 
bandwidth of the peak was defined by the half-width-at-half-maximum (HWHM) 
of a Gaussian function that fits the slice of a 2D spectrum in the diagonal or 
antidiagonal direction. (c) Time evolution of the line shape defined by the ratio 
of antidigonal and diagonal width at RT (red) and 77 K (blue). Inset shows the 
scaled time traces of the line shape at 77 K and RT, indicating that the lines 
shape changes more slowly at RT than at 77 K. 

 To examine the dynamics of the line shape change 
quantitatively, we followed the change of diagonal and 
antidiagonal widths of the positive peak in the 2D spectrum. As 
can be seen in Fig. 2a and Fig. 2b, at both 77 K and RT, the 
diagonal width does not change much with the population time 
while the antidiagonal width significantly changes with the 
population time. Then, we defined the line shape as the ratio of 
the antidiagonal width and the diagonal width. The time 
profiles of the line shape shown in Fig. 2c were fitted with a 
single exponential function and we obtained the time constants 
of 36 fs at 77 K and 45 fs at RT, indicating that the line shape 
changes more slowly at RT than at 77 K. We note that the time 
constant for the line shape dynamics at 77 K might be 
underestimated because of large-amplitude coherent 
oscillations superimposed on the time profile. These oscillatory 
features arise from either vibrational or vibronic coherence 
created in manifold of exciton states of chlorosomes as 
discussed in detail in our previous publication.23 Also, as shown 
in Fig. S4 in the ESI, we examined the dynamics of centre line 
slope of the positive 2D peak as a measure of spectral 
relaxation dynamics49 and found that the decay of the centre 
line slope at RT is slightly slower than, or comparable to, the 
one at 77 K. Thus, the energy relaxation toward low-energy 
states in chlorosomes is slightly slower at RT than at 77 K. We 
note that this temperature dependence of EET rate is opposite to 
the trend observed for EET in other LHCs such as LH2 
complex from purple bacteria, where the EET rate increases at 
higher temperature.24 

Dependence of EET rate on exciton energy and temperature 

To better understand the origin of this unique temperature 
dependence of EET rate in chlorosomes, we examined the 
decay dynamics of individual time traces at various (ωτ, ωt) 
points on the 2D spectrum. To do so, we dissected the 2D 
spectrum into the regions of 80 cm–1 × 80 cm–1 size and 
obtained a time trace of the integrated signal amplitude for each 
region. Then, we fitted each time trace by a sum of two 
exponentials and an offset and used the time constant of a faster 
exponential to construct 2D distribution maps of EET rate at 
two different temperatures as shown in Fig. 3. A slower 
exponential and the offset were used to fit the slow decay on 
the time scale longer than picoseconds, which is out of the 
population time window (480 fs) of our experimental data. The 
EET rate at a specific (ωτ, ωt) point represents the rate at which 
the energy is transferred from a donor state of ωτ energy to an 
acceptor state of ωt energy. For comparison, we plotted time 
traces and their exponential fits at three selected diagonal points 
on the 2D spectrum measured at 77 K and RT as shown in Figs. 
3c and 3d, respectively. We note that the 2D distribution maps 
of EET rate presented in Figs. 3a and 3b show only the region 
where the signal amplitude decays over time. In a region of 
lower ωt energies further below the diagonal, we observed the 
rise of signal amplitude in accordance with the increase of 
antidiagonal width of the positive 2D peak within 100 fs. 
However, we were not able to resolve the rise times in that 
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region because the rise of GSB and SE is mixed with the decay 
of ESA in a complicated way.  

 
Fig. 3 (a, b) The 2D distribution maps of EET rate at (a) 77 K and (b) RT. (c, d) 
Individual time traces (empty dots) of the 2D-ES signal and their exponential fits 
(lines) at three selected diagonal points on the 2D spectrum at (c) 77 K (magenta: 
ωτ = ωt = 13870 cm–1, orange: ωτ = ωt = 13630 cm–1, green: ωτ = ωt = 13390 cm–1) 
and (d) RT (magenta: ωτ = ωt = 14030 cm–1, orange: ωτ = ωt = 13790 cm–1, green: 
ωτ = ωt = 13550 cm–1).  Each time trace of the 2D signal was fitted by a sum of 
two exponentials and an offset. The time constant of a faster exponential was 
used for constructing the 2D distribution map shown in (a) and (b). To emphasize 
early-time dynamics, we showed the time traces only in the population time 
range up to 200 fs while the time traces in the full time range (up to 480 fs) are 
shown in Fig. S5 in the ESI. 

 In the 2D distribution map of EET rate, the off-diagonal 
EET rate below the diagonal (where ωτ > ωt) represents the 
downhill EET rate from a donor state of ωτ energy to an 
acceptor state of ωt energy. In Fig. 3a, it can be seen that the 
off-diagonal EET rate decreases as ωt becomes smaller at a 
fixed ωτ at both 77 K and RT. The change of the off-diagonal 
EET rate along the ωt axis simply means that it takes longer 
time for EET as the donor–acceptor energy separation (that is, 
ωτ – ωt) becomes larger. The EET rate on the diagonal (where 
ωτ = ωt) in the 2D distribution map of EET rate reflects the net 
rate of population change at a specific state (caused by EET 
into and out of the state). In contrast to the off-diagonal rate, we 
can see that the diagonal EET rate changes with the exciton 
energy (ωτ or ωt), especially in a very different manner at RT 
and 77 K. While the diagonal EET rate decreases only slightly 
with the decrease of exciton energy at 77 K, it decreases 
considerably with the decrease of exciton energy at RT. The 
subtle difference between the 2D distribution maps of EET rate 
at 77 K and RT suggests that the temperature dependence of the 
EET rate cannot be described simply by an overall rate of the 
line shape change as shown in Fig. 2. Instead, the 2D 
distribution map clearly shows that the EET rate is a complex 
function of the temperature as well as the energies of energy-
donor and energy-acceptor states. 

 This subtle dependence of the diagonal EET rate on both 
exciton energy and temperature can be attributed to the change 
in the degree of thermal excitation with respect to temperature. 
When considering the microscopic details of EET processes, 
two competing factors will affect the temperature dependence 
of the EET rate: (1) spectral overlap between an energy donor 
and an energy acceptor and (2) thermal excitation that controls 
the rate of “uphill” energy transfer.50-51 Considering that the 
antidiagonal width of a 2D peak reflects the degree of 
homogeneous broadening and is slightly larger at RT than at 77 
K, the donor–acceptor spectral overlap will be larger at RT than 
at 77 K, predicting faster EET at RT. In fact, we can see in Fig. 
3 that the EET at exciton states of higher energies than the 
absorption maximum is slightly faster at RT than at 77 K. In 
contrast, since the thermal energy is substantially larger at RT 
(kT = 206 cm–1) than at 77 K (kT = 53 cm–1), the uphill transfer 
will be much more active at RT than at 77 K. As a result, the 
diagonal EET rate substantially decreases at low-energy states, 
which can be readily excited into higher-energy states by 
thermal energy available at RT. Accordingly, we can see in Fig. 
3b that EET becomes significantly slower at the exciton states 
with energies lower than ~13790 cm–1, which lie higher by ~kT 
(at RT) from the lowest-energy state. Thus, each of the 2D 
distribution maps of EET rate shown in Fig. 3 reflect the 
Boltzmann distribution of populations in the excited states of 
chlorosomes at a given temperature. 
 The temperature dependence of EET rate observed in 
chlorosomes seems to be different from the trend observed in 
other LHCs, for example, LH2 and LH3 complexes.24, 27, 29 In 
LH2 complex, the EET from B800 to B850 was found to be 
faster at RT (0.7 ps) than at 77 K (1.8 ps).24 Also, the B800-to-
B820 EET is faster at RT (0.75 ps) than at 77 K (0.9 ps) in LH3 
complex.27, 29 In those LHCs, the slower EET at 77 K was 
ascribed to decreased donor–acceptor spectral overlap at low 
temperatures. Here we note that the energy gap between the 
exciton states of B800 and B850/B820 (734 cm–1 for B800–
B850 and 306 cm–1 for B800–B820) is relatively large 
compared with the thermal energy at RT (206 cm–1). As a result, 
the thermal excitation at RT does not directly affect the rate of 
EET between B800 and B850 (or B820) while it might still 
facilitate the EET by activating uphill transfer from dark “trap” 
states within B800. However, even for intra-B800 EET, the 
EET rate was observed to be faster at RT (300 fs) than at 77 K 
(400 fs)24 while the same temperature dependence (80 – 100 fs 
at RT; 250 – 300 fs at 19 K) was observed for EET within 
B850.25 Such different temperature dependence of EET 
dynamics in chlorosomes and B800 (or B850) can be attributed 
to the difference in the electronic structure of chlorosomes and 
B800 (or B850). The B800 and B850 rings consist of nine and 
eighteen BChl a molecules, respectively,52 while a BChl layer 
of chlorosomes consists of tens of thousands of BChl 
molecules.53 As a result, the energy spacing between 
neighbouring exciton states should be much smaller in 
chlorosomes than in B800 or B850,5, 28, 52, 54 making the EET 
dynamics in chlorosomes more sensitively affected by thermal 
excitation. Thus, the gradual variation of EET rate depending 
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on exciton energy and the temperature dependence of the 
energy-dependent distribution of EET rate observed in 
chlorosomes are characteristic of manifold of exciton states 
with inter-neighbour-state energy gaps smaller than thermal 
energy at RT. 

Role of thermal excitation in excitation energy transfer 

Here we can consider the implication of the unique energy- and 
temperature-dependence of EET rate for the efficiency of EET 
processes in chlorosomes. At a glance, the lower diagonal EET 
rate around low-energy states observed at RT seems to be 
detrimental to efficient energy flow in chlorosomes. However, 
when we view such variation of the EET rate from a 
microscopic viewpoint, we can clearly see how cleverly Nature 
designed the EET process in photosynthetic LHCs. Excitation 
that is initially generated at high-energy exciton states in a 
coherent domain will be transferred into lower-energy exciton 
states within the same domain (that is, energy equilibration) or 
in the neighbouring domains (that is, exciton diffusion) until it 
reaches, on average, the most populated exciton states at a 
given temperature. Such downhill excitation migration is 
independent of temperature and serves as the main driving 
force of exciton diffusion at low temperatures. At low 
temperatures, the most populated state will be located in a low-
energy region with relatively low density of states (DOS) (that 
is, large energy spacing between neighbouring states)5 as 
schematically shown in Fig. 4 and therefore the excitation can 
be trapped at those states easily. As a result, the efficiency of 
exciton diffusion to neighbouring domains will be low. 
However, at RT, thermal excitation (and uphill transfer) is more 
active and allows the excitation to escape the trap states and 
climb into higher-energy states. As a result, the most populated 
exciton states at RT is formed in a higher-energy region with 
higher DOS than the ones at 77 K (see Fig. 4), thus providing 
more neighbouring coherent domains of similar energies into 
which the excitations can be transferred via phonon-assisted 
energy hopping. Thus, as schematically described in Fig. 4, 
thermal activation of uphill transfer at RT promotes efficient 
EET among coherent domains, making the ambient temperature 
a more favourable environment for exciton diffusion in 
chlorosomes. 
 In fact, the importance of thermal excitation in EET has 
been noted in other light harvesting systems.  For example, 
photosystem I (PSI) has the so-called “red” forms of 
chlorophylls (Chls) that absorb at longer wavelengths than the 
primary electron donor, P700, of the reaction centre.55 The low-
energy states of these red Chls can trap the excitations and 
hinder EET to the reaction centre. As a result, thermal 
activation is required to achieve efficient energy flow into the 
reaction centre. Also, in a variant of chlorosomes (Chlorobium 
tepidum) different from the one used in this work, the effect of 
thermal excitation on EET was observed in a previous TA 
study.16 In that work, the authors reported that a 1.7-ps kinetic 
component, which was assigned to a single-step inter-
chlorosome EET, has smaller contributions to the amplitude 
decay of the TA signal at low temperatures. This observation 

suggests that the inter-chlorosome EET occurs from higher-
energy exciton states rather than low-energy states and thus 
thermal population of those higher-energy states is important 
for efficient EET. Besides the natural photosynthetic LHCs, the 
role of thermal excitation was also noted for conjugated 
polymers, an artificial light harvester. From time-resolved PL 
measurement on polymer–fullerene heterostructures for organic 
photovoltaics, it was found that the exciton diffusion length and 
the diffusion coefficient increase significantly at temperatures 
higher than 150 K.56 The increased rate and length of spatial 
exciton diffusion at higher temperatures was ascribed to the 
increase of thermal excitation, which leads to stronger exciton–
phonon coupling and more efficient energy hopping via phonon 
absorption by excitons. Considering that chlorosomes have a 
similar structural motif (that is, aggregate of pigments that are 
separated by structural disorder) as conjugated polymers to 
some extent, we can qualitatively infer that the spatial exciton 
diffusion in the natural system of chlorosomes may behave 
similarly as in the artificial system of conjugated polymers. 

 
Fig. 4 Schematic illustration of downhill excitation energy transfer and exciton 
diffusion in chlorosomes at (a) 77 K and (b) RT. Green bars represent exciton 
states of chlorosomes and red dots represent excitations populated in specific 
exciton states. The arrows indicate the movement of excitations in energy 
(vertical axis) and space (horizontal axis). A pair of orange lines denotes the most 
populated exciton states at a given temperature. The most populated exciton 
states at RT (b) have higher energies than the most populated states at 77 K (a) 
due to more active thermal excitation at RT. As a result, the exciton diffusion to 
neighbouring coherent domains is facilitated at RT via thermally activated energy 
hopping. 

 Here we can consider the origin of the ultrafast EET 
dynamics presented in this work in connection with the internal 
organization of BChls in chlorosomes. A previous 2D-ES study 
on Chlorobium tepidum reported a 40-fs decay of the 2D signal 
amplitude, which is in close agreement with our result, and the 
origin of the fast dynamics was explained by a model of 
incoherent exciton diffusion among coherent domains in the 
same layer, especially rapid localization towards low-energy 
domains.22 Meanwhile, theoretical studies on EET in 
chlorosomes predicted that both intra-layer EET in a single 
layer and layer-to-layer EET in the multi-walled tube or 
lamellar structure can occur as fast as 25 fs, which matches the 
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time scale found in our work.5, 31 Since these two processes can 
occur on a similar time scale and are not distinguishable from 
each other by spectroscopic measurements, both types of EET 
processes presumably contribute to the ultrafast decay of the 
2D-ES signal. For the intra-layer EET, we cannot rule out the 
possibility that coherent energy transfer is involved in this very 
first step of EET in chlorosomes, as was evidenced by the 
coherent oscillations (superimposed on the decay of 2D-ES 
signal) that arises from the coherence of electronic origin.23 We 
note that the temperature dependence of EET rate found in this 
work applies to the very early steps of EET in chlorosomes, but 
not necessarily to slower EET processes, for example, inter-
chlorosome EET or chlorosome-to-baseplate EET. In particular, 
compared with BChls located in the same layer, the ones 
belonging to different layers or different chlorosomes will have 
much weaker interaction with each other, resulting in lower 
probability of EET as well as lower EET rate. Accordingly, the 
dependence of EET rate on temperature or exciton energy can 
be different from the one observed for the earliest EET step 
found in this work. 

Conclusion 

We directly demonstrated the dependence of EET rate on 
exciton energy and temperature in chlorosomes by mapping out 
the 2D distribution of EET rate using the powerful 2D-ES 
technique. This subtle dependence of EET rate on exciton 
energy and temperature provides an evidence of how Nature 
designed the LHCs to be optimized for the most efficient EET 
at ambient temperature. The detailed EET dynamics in 
chlorosomes revealed in this work directly show that the EET 
processes occurring in manifold of closely spaced electronic 
states are governed by the law of thermodynamics. 
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