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ABSTRACT: By using a hierarchical equations-of-motion approach, we reproduce the
two-dimensional electronic spectra of phycoerythrin 545 from Rhodomonas CS24 at
ambient temperature (294 K). The simulated spectra are in agreement with the
experimental results reported in Wong et al. (Nat. Chem. 2012, 4, 396). The evolutions of
cross peaks for rephasing spectra and diagonal peaks for nonrephasing spectra have also
been plotted. The peaks oscillate with the population times, with frequencies, phases, and
amplitudes of the oscillating curves also being qualitatively consistent with the

experimental results.

B INTRODUCTION

Cryptophytes are eukaryotic algae that live in marine and
freshwater environments. Their light-harvesting antenna
proteins (phycobiliproteins) exhibit exceptional spectral
variation, and they can photosynthesize in low-light conditions.
The interchromophore separations in cryptophytes are much
larger than in another light-harvesting system, Fenna-
Matthews-Olson (FMO). The average nearest-neighbor
center-to-center separation of chromophores within the
cryptophyte light-harvesting antenna proteins is ~20 A."

Collini et al. experimentally investigated the two-dimensional
(2D) electronic spectra (ES) of phycoerythrin 545 (PES4S)
from Rhodomonas CS24” using photon-echo experiments. They
showed that exceptionally long lasting quantum coherence
exists in energy transfer processes in PES4S even at ambient
temperature. This suggests that distant molecules within the
light-harvesting protein are “wired” together by quantum
coherence for a longer time, explaining the efficient energy
transfer in cryptophyte marine algae. More recently, Wong et
al. studied the excitonic correlations in PES45 by using a 2D ES
method.?

Theoretically, Novoderezhkin et al.* investigated the
excitation dynamics in PES4S by modeling the steady-state
spectra and transient absorption using the modified Redfield
theory. Using quantum-mechanics/molecule mechanics (QM/
MM), Curutchet et al. investigated the energy transfer
dynamics in the PE5S45 complex.” Viani et al. investigated the
spatial and electronic correlation in the complex by using the
QM/MM method.® These theoretical investigations suggest
that there is coherence between different states in the light-
harvesting complex, and this may enhance the efliciency of
energy transfer in this light-harvesting system.

Two-dimensional ES is a powerful tool for probing the
dynamics and constructions of complex biosystems. Reproduc-
ing experimental 2D ES is important for understanding the
energy transfer mechanism in light-harvesting systems.
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However, until now, experimental 2D ES for PES4S5 have not
been reproduced by using theoretical simulations. In this paper,
we shall use the model Hamiltonian of PES45 and a
nonperturbative, non-Markovian dynamics hierarchical equa-
tions-of-motion (HEM) approach to calculate the 2D ES of this
kind of complex. Our simulation results will be compared with
the experimental ones.

Mukamel and co-workers founded the theoretical framework
of multidimensional nonlinear spectroscopy.” As is known,
simulations of 2D ES are based on dynamical solutions for
quantum dissipative systems. For systems such as the PES4S
complex, there is no exact approach to solve its dynamics.
Therefore, many approximation methods have been developed
to calculate the 2D ES. The cumulant expansion method based
on standard perturbation theory was first introduced by
Makamel et al.”® for calculating the nonlinear response
functions. Later, the master equations of Redfield form,”*°
and modified Redfield form'"'* were used to calculate the
response functions. Since then, significant progress has been
achieved in simulating the 2D ES. However, these methods are
totally or partly based on the Markovian approximation;
therefore, total or partial memory effects of the environment
have been excluded when we use these dynamical methods.
However, it has been noted that environmental memory effects
should not be ignored in the investigation of biosystems.
Consequently, several non-Markovian approaches have been
introduced recently for calculating the 2D ES."*™*

The HEM is an exact numerically dynamical method and it is
nonperturbative and non-Markovian. It has already been
successfully used to model excitonic energy transfer (EET) in
pigment protein aggregates,17’24 as well as to simulate the 2D
ES of the FMO complex.*>*® It has been compared to the
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Table 1. Elements of the PE545 Hamiltonian (cm™)

DBVIQA DBV19B PEBISSC
DBV, 18008 —4.1 -319
DBV, g5 —4.1 17973 -2.9
PEB, ss¢ -319 -29 18711
PEB,55p 2.8 309 —-5.6
PEBgo/61¢ 2.1 —35.4 -19.6
PEBso/61p -37.1 2.5 -16.1
PEBg,c -10.5 —45.5 6.7
PEB,), 459 11.0 6.8

PEBISSD

PEBSO/élC PEB50/61D PEBSZC PEBSZD
2.8 2.1 -37.1 -10.5 459
309 —35.4 2.5 —45.5 11.0
-5.6 -19.6 -16.1 6.7 6.8
18960 115 25.5 s.1 74
115 18532 101.5 363 16.0
25.5 10L5 19574 17.6 -38.6
5.1 363 17.6 18040 2.6

74 16.0 -38.6 2.6 19050

Poisson mapping bracket equation (PBME) in the investigation
of the EET for another light-harvesting system, PC645,% in
which the HEM method shows more sophisticated changes of
density matrix elements than the PBME. Fassioli et al. discussed
coherent energy transfer under incoherent light conditions in
PC645 by using the HEM approach.”® They noted that the
light-harvesting antenna has mechanisms that could support
coherent evolution under incoherent illumination. The HEM
method is an effective dynamical approach and is suitable for
simulating the 2D ES of PES4S, and, in fact, it has been applied
to investigations of 2D ES of other systems.*>***°73!

In this paper, we calculate the 2D ES of PES4S. It will be
shown that the major signatures of the experimental 2D ES can
be reproduced in our theoretical simulations. This suggests that
this theoretical method holds promise for investigating the 2D
ES of some complex light-harvesting systems and that the
model Hamiltonian has captured the major characteristics of
the system. Differences between theoretical and experimental
results may also guide the direction of improvements in the

model and dynamical method.

B MODEL AND METHOD

Within this theoretical framework, PE54S5 is described by using
a Frankel exciton model, and the total Hamiltonian of the open
system can be written as

H = H; + Hy + Hg (1)

where Hj describes the exciton system, the environment is
modeled with an infinite set of harmonic vibrations Hp =
3 hw,bhb,, and Hg is the coupling term between the system
and its environment**™2**° The elements of the exciton
Hamiltonian for PES4S are listed in Table 1.>* Here, the
diagonal terms are the site energies (transition energies) of the
exciton model, and the off-diagonal terms describe the
interactions (electronic couplings) between different sites.

The linear absorption spectrum is given by the Fourier
transform of the autocorrelation function of the transition
dipole moment (TDM) operator p:>>

o0
1w

@) =Re [~ o), o
where p(t) = e ue=™/" is the TDM operator in the
Heisenberg picture, g = >, #,,(Im){0l + 10){ml), and p,,, is the
TDM operator of site m. The subscript g indicates that the
initial state to calculate the autocorrelation function is
equilibrated on the ground electronic state, p, = 10){0l ®
e/ Tr ¢ where f = 1/KT with Boltzmann constant Kj
and temperature T. The values of the transition dipole
moments (i, values) and their components ,,,, My and pi,,.
are given in Table 2 (see also ref 34).

12367

Table 2. Transition Dipole Moments g, and Their
Components f,,,, iy, and p,,, for Each of the Eight
Pigments of PES45

pigment () Bl 7 Honz P
DBV, —4.506 —2.670 0.200 13.32
DBV, 5.102 0.280 1.574 13.59
PEB,5c 0.448 —0.873 4691 12.18
PEB, s 1.383 —4.355 —1.445 12.18
PEBgy/61c —0.088 —2.605 —4.019 12.17
PEBy /510 0216 2422 3.992 11.87
PEBgyc 2.898 1.310 —3.721 12.44
PEBgy) —3.900 2,600 1258 12.33

The 2D ES can be calculated through the third-order optical
response function, which is***

\3
1
8(3)(13, 7, 1) = (E) Tr{u(ry + 7, + 1)

[/1(1'2 + Tl); [/4(71)1 () pg]]]} (3)

By applying the rotating-wave approximation and phase
matching, the response functions of the rephasing and
nonrephasing signals become

Srp(TS,) Ty T1) = Tr{ﬂ_é(%)ﬂfé(ﬁ)ﬂré(ﬁ)ﬂf%} (4)

Sty 1) ) = Tr{ G G Gu'n} (5

Here, G(7) is the retarded propagator of the total system in the
Liouville space; 7, = t, — t;, 7, = t — t,, and 73 = t — t;, with
time points ¢}, t,, and t; of the laser projecting to the sample;
and p_ =Y, lg)(ml, p, = Y, lm)(gl,and u X A = p A — Ap..
In the impulsive limit, the 2D rephasing (rp), nonrephasing
(nr), and purely absorptive (ab) 2D ES can be calculated with

— i(—w 7+ w57y
(3, 7y, @) = Re ‘/o dr, /0 drge

Srp(Ty ) 7) 6)
o 0 )
Im(a)s, T, wl) = Re A dTl ‘/O‘ dTBet(—wlrl+w3‘r3)
Snr(T3) Ty Tl) (7)

Ly(wy, 7y, @) = Irp(w?ﬂ 0, —o) + (@3, 7,, @) (8)

The HEM scheme can be used to calculate eq 4, where we set
Ql(fl) i G(r)[p Pg] in 7,(t; = ), Gz, TAl) =
G(r)[p Ci(z)] in 7o(t, = 1), Gz 7y 7)) = G(73)-
(1 Cy(7y 71)] in 73(t5 — 1), and finally Srp(T3J 7y 7y) = Tr
[1_C4(7y, 7y, 73)]. Similarly, we can calculate eq S, S,.(73, 5, 71)-
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Figure 1. Oscillations of real rephasing ES at cross peaks (a) (2.18,2.26) eV and (b) (2.26, 2.18) eV and real nonrephasing ES at diagonal peaks (c)
(226, 2.26) eV and (d) (2.18, 2.18) eV. The red squares are our calculation results, and the black circles are results extracted from ref 3.

In fact, the scheme employed here is the same as that used for
the calculation of the reduced density matrix p(t) =

TrBath[G(T)p(O)] with the HEM approach, which describes
the evolution of a set of auxiliary density operators p,

namely, 17,24,25
d i
F7C Iy (Hy, ] =7 Z ),
N
Z s - 4 ot(ﬁ) Xlm){(m
— ﬂ}/fl 2
N
| [im)ml, ] Z (), p,

N
é zz: o (cobm)(mlp, — cop,lm){mi) ©)

where ¢, = Ay[cot(fyf/2) — i], and the Drude—Lorentz spectra
J(®) = 2dyw/(@* + y*) are used. A and y are the reorganization
energy and cutoff frequency of the investigated system,
respectively. In this paper, we set A = 150 cm™' and y' =

ts according to ref 28. The subscript n denotes the set of indices
n = (ny, ny .., ny), and n,¥ differs from n only by changing the
specified n,, to n,, + 1. Particularly, p, with 0 = (0, 0, ..., 0) is
the system-reduced density operator, while the other p, values
are the auxiliary density operators. We truncate the hierarchy at
L=YN_n, =3 in this paper. It is worth noting that the low-
temperature correction terms are added in eq 9,'***® and
therefore, it is sufficiently exact for our calculations at ambient
temperature (294 K). In addition, the disorder of the diagonal
terms of the Hamiltonian are considered, and that of the off-
diagonal terms are neglected, when we calculate the 2D ES.
Each plot in our work is obtained by averaging over 100
samples with a Gaussian distribution, and their standard
deviation is set to 6 = 400 cm™'>* The rotational averages26
are also taken into account in our calculations; namely, we
choose 100 random directions for calculating each plot.

B RESULTS AND DISCUSSION

In ref 3, two kinds of cases are investigated. The first one is that
for a laser with relatively narrow excitation bandwidth
compared to the linear absorption spectrum of PE545. Thus,
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only parts of the sites are excited and their responses are
probed in the photon-echo experiments. In ref 3 the authors
attempted to use many kinds of lasers with different
bandwidths, and the so-called “red excitation conditions” in
which the bandwidth overlaps DBV g5, DBV, PEBg,,
PEBgy/61c; and PEB;sgc have been investigated in detail. The
second case is that for laser pulses with relatively broader
excitation bandwidth that can overlap the majority of the linear
absorption spectrum for PES4S. In this case, all PES4S sites are
excited and probed in the photon-echo experiments. In the
following, we numerically investigate the 2D ES corresponding
to these two kinds of cases.

First, we study the red excitation conditions model defined in
ref 3. In this case, the evolutions of a pair cross peaks, (2.18,
2.26) and (2.26, 2.18) eV, of rephasing signals and a pair of
diagonal peaks, (2.18, 2.18) and (2.26, 2.26) eV, of non-
rephasing signals with the population times are calculated. In
Figure 1, we plot the evolutions of the amplitudes of the cross
peaks of the rephasing ES (left) and of the diagonal peaks of
the nonrephasing ES (right) with the population times. The red
squares are our calculation results, and the black circles are
extracted from Figure le of ref 3. One can see that the
calculation data have clearly shown the signatures exhibited by
the experimental data. For example, the amplitudes of the cross
peaks of the rephasing ES and the diagonal peaks of the
nonrephasing ES are oscillating with the population times, and
these oscillations are directly related to the phase evolutions of
off-diagonal elements in the density matrix, which means that
the system is a coherent superposition of states during its
evolution.>® Further, we note that the oscillations of the
amplitudes with the population times for the cross peaks (2.18,
2.26) and (2.26, 2.18) eV in the rephasing ES and those for the
diagonal peaks (2.18, 2.18) and (2.26, 2.26) eV in the
nonrephasing ES are phase reversed. The oscillation
frequencies are in agreement with the formula 27(E, — E,)/
h, where E, and E,, are the site energies of the coupled sites.
However, the theoretical data do not conform perfectly to the
experimental results, although they have similar oscillating
signatures; therefore, additional work needs to be carried out to
understand the energy transfer within the complex.

We next investigate the second case. Namely, we reproduce
the 2D ES of Figure 2 in ref 3. Here, all sites of PE54S are
excited. Figure 2a shows the linear absorption spectrum of
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Figure 2. (a) Linear absorption spectrum of PES4S through simulation (black lines) and experimental measurement (red dots). (b) Real (left) and
imaginary (right) components of the rephasing (upper) and nonrephasing (lower) ES at population time 7, = 60 fs. (c and d) Real purely absorptive
2D ES at population times 7, = 60, 70, 80, 90 fs, respectively. Here, the simulation parameters are A = 150 cm™ and ™' = 60 fs, and the temperature

is 294 K.

PES54S; the red dots are extracted from Figure 2a in ref 3, and
the black line is calculated by using our model. One can see that
our simulation data are quite consistent with the experimental
ones except at higher energies. The four panels of Figure 2b
(upper right) show simulations of the 2D ES of real (left)
rephasing (upper) and imaginary (right) nonrephasing (lower)
spectra at the population time 7, = 60 fs. The positions, forms,
and scales of the cross and diagonal peaks are seen to be all
similar to the experimental spectra, shown in Figure 2 in ref 3.
Parts c and d (the lowest three panels) of Figure 2c show plots
of the purely absorptive 2D ES at the population times 7, = 60,
70, 80, and 90 fs. The forms, positions, and scales of the peaks
in frequency space are similar to the corresponding spectra in
ref 3. However, there are some differences between the
theoretical and experimental results: (1) The linear absorption
spectra (see Figure 2a) of our simulation and the experiment
have some differences at higher energy. (2) The purely
absorptive 2D ES of our simulations (see Figure 2, parts c and
d) have a little deformation compared to the experimental ones
(see Figure 2c,d in ref 3). These differences suggest that our
model (including an environmental model and/or a dynamical
method) should be improved further to exactly describe the 2D
ES. This may prove to be a meaningful research direction for
investigating energy transfer in light-harvesting complexes.

B CONCLUSION

In conclusion, in this paper, we reproduced the 2D ES of
PES45 from Rhodomonas CS24 at ambient temperature (294
K). It was shown that the evolutions of the cross peaks for the
rephasing ES and the diagonal peaks for the nonrephasing ES
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and purely absorptive 2D ES are oscillating with the population
times. In particular, our theoretical simulations showed that the
oscillations for the cross peaks (2.18, 2.26) and (2.26, 2.18) eV
of the rephasing signals and the diagonal peaks (2.18, 2.18) and
(2.26, 2.26) eV of the nonrephasing signals are phase reversed,
which is in agreement with the experimental data. The
oscillating frequencies, amplitudes, and peak positions were
also found to be similar to the experimental results. The 2D ES
signals at electronic cross peaks indicate that transitions of
electrons at one site of PES4S influence those at others. The
oscillations of the cross peaks imply that the electrons are in
coherent superposition states during the transition process. The
quantitative agreement of some important signatures of the
theoretical and measured 2D ES for PES45 means that the
long-lasting coherence can be understood within the framework
of quantum mechanics. This may help us identify probable
connections between quantum effects and efficient energy
transfer in light-harvesting complexes in the future.
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