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Hierarchical Equations of Motion Simulation of Temperature-
Dependent Two-Dimensional Electronic Spectroscopy of the
Chlorophyll a Manifold in LHCII
Xuan Leng,[a] Thanh Nhut Do,[a] Parveen Akhtar,[a, b, c] Hoang Long Nguyen,[a]

Petar H. Lambrev,*[b] and Howe-Siang Tan*[a]

Abstract: We simulated two-dimensional electronic spectra
(2DES) of the chlorophyll a manifold of light-harvesting
complex II (LHCII) at various temperatures (77, 110, 150, 190,
230, 273, and 293 K) using the hierarchical equations of the
motion-phase matching approach. We confirm the main
excitation energy transfer pathways assignments within the
chlorophyll a manifold of LHCII measured in a recent work (J.
Phys. Chem. B 2019, 123, 6765–6775). The calculated transfer

rates are also in general agreement with the measured rates.
We also provided theoretical confirmation for the experimen-
tal assignments, as uphill and downhill energy transfer
processes, of 2D spectral features that were reported in
recent experimental reports. These temperature-dependent
features were also ascertained to follow the detailed-balance
principle.

Introduction

Light-harvesting complexes are essential for photosynthesis.
They absorb sunlight and transfer energy to the reaction center
through excitation energy transfer (EET) where charge separa-
tion is initiated.[1] In higher plants, the light-harvesting complex
II (LHCII) is the primary antenna and is also the most abundant
membrane protein-pigment complex on Earth.[2] It is a trimeric
system where each monomer is comprised of eight chlorophyll
a (Chl a) molecules, six chlorophyll b (Chl b) molecules and four
carotenoids (Cars).[3,4] The dynamics of EET between Chls in
LHCII has been studied by various time-resolved
spectroscopies,[5–8] such as transient absorption, time-resolved
fluorescence and three-pulse photon echo peak shift spectro-
scopy. In comparison to these time-resolved spectroscopies,
two-dimensional electronic spectroscopy (2DES) provides an
extra dimension for studying the EET dynamics in molecular
aggregates in which the excitation frequency is resolved.[9]

Since the first 2DES experiment was demonstrated about two
decades ago,[10] it has been widely used to study the ultrafast
phenomena in a variety of photosynthetic systems.[11–19] This

field has garnered much interest and debate, in particular
regarding whether the EET processes rely on quantum or
classical mechanisms.[20,21]

The EET process in LHCII has also been investigated using
2DES at both cryogenic and ambient temperatures. These
studies include the 2DES of LHCII performed at low temperature
(77 K), in which fast EET dynamics (<100 fs) were revealed.[22]

2DES experiments at ambient temperatures revealed different
timescales, generally in agreement with transient absorption
studies, identifying a long-lived ‘bottleneck’ state and pathways
of EET.[23,24] The EET dynamics between Cars and Chls via a
debated dark state was also observed by ultra-broadband
2DES.[25] The equilibration processes among Chls a at physio-
logical temperature[26] and cryogenic temperatures[27] were
elucidated using 2DES.

Chls in LHCII form a complex EET network connecting
multiple excitonic states. The energy gaps between them are
such that, at room temperature, thermally activated processes
are expected to happen, leading to both downhill (high to low
energy) and uphill (low to high energy) EET processes.[28] 2DES
is suitable to study these complex energy equilibration
processes due to its ability to resolve both the excitation and
detection frequency axes.[24,26,27] To validate the assignments of
features observed in the 2D electronic spectra to particular
uphill and downhill EET pathways, it is essential to reproduce
these features in theoretical simulations at various temper-
atures. Furthermore, a theoretical model of the spectroscopic
data can provide deeper insights into the EET processes.[29–32]

The hierarchical equations of motion (HEOM) is a type of non-
perturbative, non-Markovian quantum dissipative method to
calculate the EET dynamics.[33–37] It has been applied to simulate
various types of spectroscopic signals by temporally propagat-
ing the reduced density matrix.[38–40] For a detailed simulation of
2D electronic spectra, the equation of motion-phase matching
approach (EOM-PMA) can explicitly describe the effects of the
finite laser pulses used in a 2DES experiment.[41–45] These two
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methods have been combined to form HEOM-PMA which
allows us to simulate the time-dependent 2D electronic spectra
resulting from EET in the complex.[46–50]

Room temperature 2D spectra of LHCII have been simulated
by EOM-PMA with the time-nonlocal quantum master
equation[24] and HEOM.[48] Recent works showed that temper-
ature-dependent protein dynamics of LHCII affect both excited-
state energies and electron-phonon coupling.[51] In addition to
the excited-state energy, the electron-phonon coupling medi-
ates the EET dynamics in light-harvesting complexes by broad-
ening the spectral range of light absorption.[52] Thus, comparing
the simulated 2D spectra at low temperatures with the
experimental data will provide insights into the changes in EET
processes induced by the protein structure change of the light-
harvesting complex. In this work, we theoretically explore the
temperature-dependent EET processes in the Chl a manifold of
LHCII by simulating the 2D electronic spectra with HEOM-PMA.
Our main aim is 1) to examine the relationship between the
simulated and the experimental spectra and dynamics using
the HEOM-PMA approach and 2) to test the temperature
dependence of the EET by only varying the temperature
parameter without invoking changes in the system Hamiltonian
or spectral density.

The article is arranged as follows. We first briefly describe
the theoretical method to simulate the 2D electronic spectra at
the various temperatures. We then present the results and
discussions, and provide comparisons between the temperature
dependent simulated and experimental data. Finally, conclu-
sions are then made.

Computational Methods

Model Hamiltonian

The Hamiltonian Hmol of a light-harvesting complex system is
considered as a Frenkel exciton model He with N two-level
chromophores coupled to a phonon bath Hph

Hmol ¼ He þ Hph þ He� ph : (1)

The excitonic Hamiltonian He in the site representation is written as

He ¼
XN

n¼1

nihnj jen þ
X

m<n

Vmn mihnj j þ nihmj jð Þ ; (2)

where N is the total number of the chromophores considered in
the Hamiltonian, en is the site energy of the nth chromophore, Vmn

is the inter-chromophore electronic coupling, jni describes a state
where only the nth chromophore is excited. The excitonic
Hamiltonian of the LHCII complex is the same as in a previous
work,[48] in which the coupling constants between different pig-
ments are obtained by point-dipole approximation constructed by
Novoderezhkin et al.[29] with the site energies using an improved
version by Duan et al.[24]

The Hamiltonian of the phonon degrees of freedom Hph is given by
a set of harmonic oscillators:

Hph ¼
XN

n¼1

XN
n
b

i¼1

p2
ni

2
þ

1
2

w2
nix

2
ni

� �

(3)

where Nn
b is the number of vibrational modes belonging to the nth

chromophore, xni and pni are the position and momentum of the ith

harmonic oscillator with frequency wni. The electron-phonon
coupling term He� ph causes site energy fluctuations that are
independent of each chromophore

He� ph ¼
XN

n¼1

XN
n
b

i¼1

cnixni nihnj j (4)

The spectral density Jn wð Þ is used to characterize electron-phonon
interaction on the nth chromophore, which is defined as

Jn wð Þ ¼
p

2

XN
n
b

i¼1

c2ni
wni

d w � wnið Þ: (5)

In this work, the spectral density is assumed to be the same for all
chromophores and temperature independent. The Debye-type
spectral density is used

J wð Þ ¼
2l0gw

w2 þ g2 ; (6)

where g� 1 ¼ 50 fs is the bath relaxation time and l0 ¼ 50 cm� 1 is
the reorganization energy reflecting the electron-phonon coupling
strength.

Hierarchical equations of motion-phase matching approach
(HEOM-PMA)

The HEOM-PMA method was used to simulate the 2D electronic
spectra. The details of this method are described in Ref. [47–50].
Briefly, the total Hamiltonian is given by

Htot ¼ Hmol þ Hint (7)

where Hmol is the system Hamiltonian and Hint describes the
interaction between the molecular system and the laser field

Hint ¼ � m � E tð Þ; (8)

where m is the total dipole operator expressed via the transition
dipole moments of individual pigment molecules dn according to
the equation

m ¼
XN

n¼1

dn nih0j j þ 0ihnj jð Þ (9)

The time-dependent electric field in Eq. (8) is described as

E tð Þ ¼
X3

m¼1

Em t � tmð Þe� i wmt� km �rð Þ þ c:c:
� �

em (10)

where Em t � tmð Þ is the laser pulse profile, wm is the frequency of
the pulse, km is the wave vector, and em is the unit vector
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representing the polarization of the electric field. t1 ¼ tþ Tw ,
t2 ¼ Tw and t3 ¼ 0 where t and T are the interpulse delays
between pulses 1 and 2, and pulses 2 and 3, respectively. In this
work, a Gaussian function is used to represent the pulse profile as
described in Ref. [48].

The temperature effect is described in the bath correlation function.
In the HEOM formalism, the bath correlation function is written as a
sum of exponential terms

C tð Þ ¼
X1

k¼0

cke
� gk t (11)

For the Debye-type spectral density in Eq. (6), we have g0 ¼ g,
gk ¼ 2kp=b k � 1ð Þ corresponding to the Matsubara
frequencies,[33–37]

c0 ¼ l0g cot
bg

2

� �

� i
� �

(12)

and

ck ¼
8kpl0g

2kpð Þ2 � bgð Þ2
; k � 1; (13)

where b ¼ 1=kBT , kB is the Bolzmann constant and T is the absolute
temperature.

The third-order polarization for the 2D rephasing signal in the
ks ¼ � k1 þ k2 þ k3 direction is calculated by propagating three
auxiliary density matrices[41–44] 11 tð Þ, 12 tð Þ, and 13 tð Þ using the
HEOM method.[33–37] For the rephasing third-order polarization
signal, P 3ð Þ

rp tð Þ, we have

P 3ð Þ
rp tð Þ ¼ hX � e4 11 tð Þ � 12 tð Þ � 13 tð Þ½ �i: (14)

Here, h:::i denotes the average over the electronic degrees of
freedom, X ¼

PN
n¼1 dn 0ihnj j is the de-excitation transition dipole

and e4 represents the signal orientation, which is assumed to be
the polarization vector of the local oscillator pulse. To calculate the
third-order non-rephasing signal P 3ð Þ

nrp tð Þ, we exchange the order of
the first two laser pulses. P 3ð Þ

rp tð Þ and P 3ð Þ
nrp tð Þ are calculated for a

series of interpulse delays t and Tw and combined to give
P 3ð Þ t; t; Twð Þ ¼ P 3ð Þ

rp t; t; Twð Þ þ P 3ð Þ
nrp t; t; Twð Þ: The real part of the

double Fourier transform over t and t of the total third-order
polarization signal, P 3ð Þ t; t; Twð Þ gives the 2D spectrum
S wt;wt; Twð Þ.[53,54] We perform the calculation to obtain simulated
2D spectra S wt;wt; Twð Þ for different waiting times range, (0 to 1),
(1 to 5), (5 to 10), (10 to 20), (20 to 60) ps at 0.025, 0.5, 1, 2.5, 5 ps
intervals, respectively. The simulated 2D spectra can then be
compared with the experimental 2D spectra Sexpt wt;wt; Twð Þ that
have been reported in Akhtar et al.,[27] with Tw ranging from Tw =

100 fs to 100 ps in a quasilogarithmic progression.

Two-dimensional decay-associated spectra

Both the simulated and experimental time-dependent 2D spectra
S wt;wt; Twð Þ are then subjected to a multidimensional global fitting
routine and results in two-dimensional decay-associated spectra
(2DDAS) that qualitatively reveal various EET pathways in the 2D
spectra.[26,27,55] A series of 2D spectra S wt;wt; Twð Þ taken at different
waiting time Tw are then fitted to the formula

S wt;wt; Twð Þ ¼
Xn

i

Ai wt;wtð Þe�
Tw
ti (15)

where n is the total number of lifetime components, Ai wt;wtð Þ is
the 2DDAS that decays exponentially with associated lifetime ti.

Results and Discussion

In this work, we focus on investigating EET in the Chl a manifold
of LHCII while excluding the Chl b states from the calculations.
For this reduced model, the spectral density used in the current
simulation should be more reliable. This is due to the fact that
high-frequency modes, which may affect EET between the Chl a
and b manifolds,[22,32,56] do not need to be considered. The 2D
electronic spectra are simulated from the reduced LHCII
monomer model for different temperatures 77, 110, 150, 190,
230, 273, and 293 K (parts of the data are not shown). The static
disorder is described by a Gaussian distribution with a FWHM of
120 cm� 1 and is assumed to be the same for different pigments
and temperature-independent. In the simulation, 200 averages
over the static disorder in site energies and molecular
orientations are included.

Figure 1 shows the calculated linear absorption spectrum of
LHCII (dash red), which agrees well with the experimental
results (open circles) at 298 K above 645 nm. A vibronic band in
the actual absorption spectrum below 645 nm comes from
several vibration modes,[22,32,56] which are not included in the
calculation. The absorption spectrum of the reduced LHCII
model without the Chl b manifold, used in our simulation, is
calculated and shown in Figure 1 (dash-dotted green line). The
spectrum is obtained (upon convolution with Gaussian distribu-
tions to account for disorder) from the stick spectra that are
labelled with its major contributing pigment to the excitonic
state. We list the detailed contributions of the pigments to each
excitonic state in Table S1. The stick spectra are also colour-

Figure 1. Calculated linear absorption spectrum of LHCII at 298 K with and
without Chls b (dash red and dash-dotted green lines, respectively), the
experimental spectrum (open circles) and a 20-fs Gaussian excitation laser
pulse spectrum (solid light blue) centered at 672 nm used in the 2DES
simulations. The stick spectra (vertical lines) indicate the spectral positions
of the excitonic transitions labelled with its main contributing pigment. (The
detailed contributions are listed in Table S1). They are also colour-coded to
represent the coupled pigments that comprise an exciton group. The
Roman numerals indicate the four distinct spectral components.
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coded to represent the coupled pigments that comprise an
exciton group. It can be seen that the excitonic states are highly
overlapped in the absorption spectrum and can be grouped
into four major absorption spectral components at around 682,
676, 672, and 666 nm, which have been labelled with Roman
numerals I, II, III and IV, respectively. The stick spectra of LHCII
with and without Chls b are compared in Figure S1. The
removal of Chls b do not alter the spectral landscape much, as
it can be seen that the stick spectral position differences
between the two cases are no larger than 1 nm.

Simulated 2D electronic spectra for different temperatures
and waiting times Tw are depicted in Figure 2. The negative
amplitudes in the 2D spectra indicate the ground-state bleach
and stimulated emission, while positive amplitudes indicate
excited-state absorption. Three diagonal peaks emerged in the
simulated 2D spectra at Tw ¼ 100 fs and 77 K [Figure 2(a)], that
are well separated thanks to the decrease in thermal distribu-
tion linewidth at low temperature. They correspond to the
spectral components I, II, and IV as labelled in Figure 1. The
diagonal signal of spectral component III at ~672 nm, which is
marked with a blue filled star, is very weak compared to the
other three which indicates that there is fast EET (sub-ps) from
the excitons making up spectral component III to other
components. With the current pigment assignment, this is
possibly the rapid relaxation between two strongly coupled
pigments Chl a614!a613. The result is in good agreement

with the experiment[27] except for the faster timescale, since the
diagonal peak (star) almost disappears in the simulation while it
is relatively strong in the experiment results[27] at 100 fs.

The cross-peak at lt; ltð Þ ¼ ð672; 676Þ nm, marked as a
blue filled circle, reflects the downhill EET from spectral
component III to II. The cross-peak at lt; ltð Þ ¼ ð672; 683Þ nm,
marked as a blue filled square, reflects downhill EET from
spectral component III to I. Cross-peak amplitudes of the 2D
spectra reflect coupling of states at Tw ¼ 0 ps and EET to
probed states at longer waiting times. The weak amplitude of
the cross-peak marked as a filled square reflects the weak
coupling between the I and III spectral components.

Figures 2(b) and (c) show the simulated 2D spectra at Tw ¼

3 and 10 ps, respectively. The intensity of the square marked
cross-peak increased within this waiting time window indicating
the slow EET from spectral component III to the lowest excitonic
level, which is contributed mostly by Chl a610 in the model
used. For spectral component IV, the diagonal peak at
ðlt; ltÞ ¼ ð666; 666Þ nm in the simulated 2D spectra shown in
Figures 2(c,f,i), exists over 10 ps which is usually described as
the signal from a ‘bottleneck’ state in the literature.[22,29,31] The
‘bottleneck’ state is also observed in the experimental 2D
spectra.[27] However, its decay lifetime that featured in our
simulation is too long as compared to the experiment which
identified it to be about 4–6 ps by a phenomenological
modelling and global analysis of the experimental

Figure 2. 2D spectra of the reduced LHCII calculated by HEOM-PMA at 77 (a–c), 150 (d–f), 230 K (g–i). From top to bottom: 2D spectra at Tw ¼ 100 fs (a,d,g),
1 ps (b,e,h) and 10 ps (c,f,i). Blue filled star, circle and square represent the diagonal peak of spectral component III at ~672 nm, cross-peak at
lt; ltð Þ ¼ ð672; 676Þ and at lt; ltð Þ ¼ ð672; 683Þ nm, respectively. The red lines indicate slices taken at 672 nm that are shown in Figure 3. The black lines
indicate slices taken at 682 nm that are shown in Figure 4.
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measurements.[27,57] The relatively large difference between the
lifetime of the ‘bottleneck’ state between the simulation and
experiment indicates the coupling between a604 (or any
pigments contributing into the ‘bottleneck’ excitonic level) and
other pigments is too weak in the Hamiltonian used in our
current model.

To investigate the simulated EET dynamics in more detail,
slices of the 2D spectra at 77 K were taken at the excitation
wavelength lt ¼ 672 nm as shown in Figure 3(a). The waiting-
time traces of the amplitudes of the marked peaks were
analysed by fitting to exponential decay functions [Figure 3(b)].
The slices show that the amplitude of the diagonal peak
(denoted by a star) decays with two main lifetimes, about 0.6
and 5.3 ps. On the other hand, the amplitude of the cross-peak
(square) rises with two lifetimes, 1.2 and 5.4 ps. The amplitude
of the cross-peak (circle) represents the intermediate EET with
only one decay time of 4.8 ps. These different timescales reflect
different EET pathways originating from the excitonically
coupled pigments in LHCII. The 0.6-ps transfer could be
attributed to the rapid relaxation between strongly coupled
pigments Chl a614!a613 as mentioned above. This assign-
ment is in good agreement with the previous phenomenolog-
ical fitting results, where the time constant of 0.5 ps has been
reported for this relaxation.[57] The picosecond timescales
correspond to energy equilibration between the three main
pigment clusters of a602-603, a613-614 and a610-611-612.

In order to directly visualize the extent of uphill EET and its
temperature dependence, we investigate the horizontal slices
of the 2D spectra along the excitation axis at lt ¼ 682 nm at

different waiting times [Figure 2(a–i)] and depict them as
Figure 4 with the slices normalized at the diagonal signal at
682 nm. As Figures 4(a–c) can be seen as quasi-transient
absorption spectra with narrow-band excitation at 682 nm
(vertical black lines), any signal growing in the short wavelength
(higher energy) region can be interpreted as uphill EET
processes. In particular, the signals around 676 nm increase
clearly at higher temperatures. This indicates that the 682-nm
state is thermally connected with the excitons absorbing
around 676 nm resulting in the enhancement of uphill energy
flow at higher temperatures.

Next, we analyse and discuss the simulated data by
resolving both the simulated and experimental 2D spectra into
2DDAS as explained in Sec. 2.3 and Eq. (15). There are several
advantages and disadvantages associated with 2DDAS analysis,
and we will briefly discuss them in the context of our studies
here. The EET processes revealed by 2D spectra are inherently
complex. In general, the EET processes proceed in timescales
ranging from femtoseconds to tens of picoseconds. Hence the
partitioning of the processes into three or four timescales may
be too coarse for a thorough analysis. However, amidst the
inherent complexity and large amount of information, the
2DDAS analysis does allow us to readily visualize major trends
of the EET processes and is valuable for our main focus – the
temperature-dependent behaviour of the EET processes. Fur-
thermore, 2DDAS allows us to visualize more easily the donor
and acceptor states, as these states can be correlated as they
appear as negative and positive signals, respectively, on the

Figure 3. (a) Horizontal slices of the 2D spectra [red lines in Figure 2(a–c)] at 77 K taken at λτ=672 nm for different waiting times. (b) Peak amplitude evolution
with exponential fitting in the 2D spectra corresponding to left slices at diagonal peak (672,672) nm marked as filled star, cross-peak (672,676) nm marked as
filled circle and cross-peak (672,683) nm marked as filled square.

Figure 4. Horizontal slices of the 2D spectra [black lines in Figure 2(a–c)] taken at lt =682 nm for different Tws and temperatures. 77 (a), 150 (b), 230 K (c).
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2DDAS. This is especially useful to reveal and quantify the uphill
and downhill pathways associated with a given EET timescale.

Figures 5 and 6 show the 2DDAS obtained by global four-
lifetime fitting that starts at Tw = 100 fs at temperatures 77,

150, 230 and 293 K of the simulated and experimental 2DES
data, respectively. The first three 2DDAS reflect the EET
processes, on three distinct timescales. The spectra show
predominantly population decay of diagonal peaks and rise of

Figure 5. 2DDAS resulting from the global analysis of the simulated 2DES at 77, 150, 230 and 293 K. The respective lifetimes are indicated in the plots.

Figure 6. 2DDAS resulting from the global analysis of the experimental 2DES data at 77, 150, 230 and 295 K. Adapted with permission from Ref. [27].
Copyright 2019 American Chemical Society.
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cross-peaks. The final spectrum represents the nanosecond
relaxation of the equilibrated population back to the ground
electronic state.

For all the temperatures studied, global analysis of the
simulated and experimental data resulted in comparable decay
lifetimes. The simulations reproduced a key experimental
observation – the EET lifetimes generally decrease with temper-
ature. For instance, the second and third lifetimes at 77 K – 2
and 10 ps, respectively, shortened to 0.9 and 7 ps at 293 K. For
comparison, the corresponding lifetimes of the experimental
data were 2.7 and 15.4 ps at 77 K and 0.9 and 5.4 ps at RT. This
shows an overall trend of increasing EET rates, by the
simulations. Theories such as Redfield and HEOM rely on
phonon-mediated EET between excitons. Higher temperature
increases the excitons access to more phonon modes, which
bridges the energy gaps between excitonic states, thereby
increasing the rate of EET.[28]

Comparing the simulated and experimental 2DDAS for the
t2 timescale [Figure 5(e–h) vs. Figure 6(e–h)] and t3 timescale
[Figure 5(i–l) vs. Figure 6(i–l)], clear similarities can be seen in
terms of the temperature dependence of uphill EET. The
positively-signed cross-peaks above the diagonal, reflecting
downhill EET (Denoted with a ‘D’), have consistently larger
amplitudes than their counterparts below the diagonal, repre-
senting uphill EET (Denoted with a ‘U’). The uphill EET is in
accord with the results of the previous section as shown in
Figure 4(a–c). It can also be clearly seen that the amplitudes of
the cross-peaks representing uphill EET are the lowest at 77 K
and increase with temperature up to 293 K, as is observed in
the experiment [Figure 6(e–h) and Figure 6(i–l)] and expected
from thermodynamic principles. The changes in the uphill/
downhill EET ratio are also reflected in the final, nanosecond-
timescale 2DDAS – at higher temperatures the simulated as
well as the experimental spectra become more symmetric with
respect to the diagonal line, as a result of thermalization.

There are some notable differences between the calculated
and experimental EET dynamics as judged by the 2DDAS. One
of such differences is found between the simulated [Figure-
s 5(a–d)] and experimental [Figures 6(a–d)] t1 timescale 2DDAS.
For the simulated 2DDAS, there is a prominent cross-peak of
positve amplitude below the diagonal line at cross-peak
ðlt; ltÞ ¼ ð676; 666Þ nm at all temperatures. The cross-peak
mainly originates from biexcitonic signals made up of an
exciton in the spectral component III and one from spectral
component IV. This is not observed in the experiments. It could
be speculated that biexcitonic annihilation processes having
timescales of a few hundred femtoseconds may have rendered
these coherences unobservable. On the other hand, the
experimental 2DDAS has an intense positive cross-peak above
the diagonal line as shown in Figure 6(a–d)
ðlt; ltÞ ¼ ð670; 683Þnm which indicates a fast downhill EET
process. The rapid relaxation can be seen in the simulated
2DDAS if we perform the global analysis starting from Tw =0 fs,
instead of Tw =100 fs (Supporting Information Figure S2), which
results in an additional 50-fs lifetime component. For the t2

timescale, the simulated 2DDAS in Figure 5(e–h) show almost
no negative peaks on the upper-left centred around

ðlt; ltÞ ¼ ð666; 683Þ nm compared to the experimental 2DDAS
in Figure 6(e–h). One reason is that we only consider the Chl a
manifold in the simulation, causing the simulation results to
lose part of the downhill energy transfer signals from the Chl b
manifold as compared to the experimental data. Deviations
from the experiment are also observed on a picosecond
timescale – especially regarding spectral component IV at
~666 nm, which relaxes mainly on a timescale of 2.7 ps in the
experimental data at 77 K but the simulation shows 10 ps
decay, because of overestimated lifetime of the ‘bottleneck’
state, as mentioned above. This also causes the EET signature
centred around ðlt; ltÞ ¼ ð666; 683Þ nm, to be ‘held back‘ and
appear only in the simulated t3 timescale 2DDAS (Figure 5(i–l))
but not in the t2 timescale simulated 2DDAS (Figure 5(e–h)), as
compared to the experimental spectra where the features
appeared both in the t2 and t3 timescale 2DDAS. These
differences in the 2DDAS are an indication that the Hamiltonian
used to calculate the EET dynamics needs refinement. However,
with regard to the main question of this work – whether the
simulated dynamics follow the observed temperature depend-
ence – there is a reasonable agreement with the experiment.

Built into the theoretical simulation is the detailed-balance
condition[58] that ensures the ratio between the forward and
backward rates in processes such as EET will follow the
Boltzmann distribution function eðEa � EbÞ=kBT . This ratio manifests
as the ratio of the amplitudes of uphill and downhill cross-peaks
in the final 2DDAS as presented in Figure 7. Figures 7(a) and

Figure 7. Temperature dependence of the uphill/downhill cross-peak ampli-
tude ratios of the final simulated (a) and experimental (b) 2DDAS. The trend
follows the Boltzmann distribution function eðEa � EbÞ=kBT .
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7(b) present the uphill/downhill cross-peak ratios obtained from
the simulated and experimental data, respectively. It can be
seen in both experimental and simulated data, that the detailed
balance condition, which is plotted using dashed lines, is closely
followed. The small deviation between the theoretical curves
and the calculated spots is due to the interference from highly
congested spectral features, as well as the positive ESA signals.

Conclusion

The HEOM-PMA can describe well the EET dynamics with an
appropriate model Hamiltonian. The simulated 2DES confirmed
the general EET pathways in the LHCII Chl a manifold and gives
timescales of the EET rates that are comparable with the rates
measured by recent experimental 2DES studies.[27] Deviations in
the relaxation rates of specific spectral components indicate
that the Chl a part of the model Hamiltonian used needs
refinement. In our simulation, the model parameters were
chosen to reproduce the experimental data at room temper-
ature initially and only the temperature parameter was varied
subsequently. The simulation then deviates more from the
experimental data at lower temperatures. This suggests that
other parameters of the real system, for example, the spectral
density, change with temperature. This is not surprising if we
consider that the protein structure undergoes a phase transition
over the temperature range. Therefore, further improvements
can be made by utilizing temperature-dependent spectral
density or static disorder[52] in the temperature-dependent
spectra simulation for better comparison to the experimental
results. The simulated and experimental 2D spectra were
compared by subjecting the spectra to global analysis to obtain
2DDAS. This allows us to confirm that the identity of the cross-
peaks on the experimental 2DES data reported recently by
Akhtar et. al.[27] are correctly assigned as energy equilibration
uphill and downhill EET processes. Furthermore, the temper-
ature-dependent trend of the ratio between uphill/downhill
cross-peak amplitudes is consistent with the detailed balance
condition.
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