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ABSTRACT
Quantum beats lasting a few hundred femtoseconds have been regarded as signatures of quantum energy transfer in photosynthetic antennae.
The fragile coherence at room temperature casts doubt on its long-lived feature arising from the electronic coherence. Recently, the long-
lived exciton–vibrational coherences of several hundred femtoseconds via quantum phase synchronization of the resonant higher frequency
collective vibrational modes have been observed in core antenna allophycocyanin from algae. The long-lived coherence has an inherent
property of protecting the coherence against the noisy environment. This is achieved by dissipation of the resonant anti-symmetric collective
vibrational modes coupled to the excitonic levels, which have fast dephasing, leaving only the non-dissipative correlated symmetric modes
[R. Zhu et al., Nat. Commun. 15, 3171 (2024)], which is different from that induced by the environmental low frequency modes. Coherence
with a lifetime constant of 200 fs at room temperature has been observed in the cryptophyte phycoerythrin 545 (PE545) antenna before, while
its origin, i.e., pure electronic or exciton–vibrational, remains to be explored. Here, we investigated coherent energy transfer dynamics in
PE545 via two-dimensional electronic spectroscopy. A long-lasting coherence with a lifetime constant of 270 fs in the dynamical Stokes shift
dynamics was observed. Especially, the high frequency vibrational mode at 1150 cm−1 is absent in the electronic energy dissipation process
reflected in the dynamical Stokes’ shifts spectrum, which is near resonant with the electronic gap of 1080 cm−1. Therefore, the facts strongly
suggest that the long-lived coherence in PE545 is realized by the resonant exciton–vibrational coupling via quantum phase synchronization.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0259190

I. INTRODUCTION

Photosynthesis is one of the most efficient processes in nature
through which solar energy is converted into chemical energy with
quantum efficiency over 90%.1 Its high efficiency has attracted con-
siderable research interest for decades, especially benefiting from
the maturation of ultrafast spectroscopy techniques with coher-
ent excitation.2–5 Long-lasting coherence in spectroscopic signals

has been observed in various light-harvesting complexes at room
temperature,6–8 and quantum coherent excitation energy transfer
(EET) was proposed as a potential mechanism to account for the
high efficiency in the ultrafast EET processes,9–12 in contrast to
the Förster resonance energy transfer (FRET) mechanism.13,14 In
the coherent EET mechanism, the excitation energy is instanta-
neously quantum-mechanically shared among several nearby inter-
acting pigments and is transferred among pigments as wave packets,
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which enables the protein–pigment complexes to find the most
efficient EET path.15–17 Pure electronic coherence has been con-
firmed to be helpless to EET processes, owing to its short-lived
lifetime (around 50 fs) at room temperature, incommensurable
with the timescale of EET of several hundred fs to ps.18 Mean-
while, exciton–vibrational coherence originating from the interplay
between electronic and nuclear degrees of freedom has been verified
to accelerate the EET rate, i.e., the underdamped vibrations reso-
nant with the exciton energy splitting known as the vibronic states
delocalize across two or more pigment molecules.19–22 Dephas-
ing occurs when the coherent superposition states are subject to
random environmental perturbations, especially the broad homo-
geneous spectral lines of light-harvesting complexes indicative of
strong chromophore–environment interactions, where pure elec-
tronic state coherence can only last for a very limited timespan
at room temperature, typically tens of fs.23,24 At 77 K in the
Fenna–Matthews–Olson (FMO) complex, where the timescale for
electronic energy transfer is about 350 fs, the experimentally deter-
mined electronic dephasing time is 240 fs, the decay time for the
excited-state vibronic coherence is 570 fs, while the dephasing time
for ground-state vibrational coherence is about 2 ps.24 As it has been
explained by Christensson et al., for the strongly coupled system, the
long-lived coherences in FMO are based on coherent superpositions
of vibronic exciton states with dominant vibrational contributions
from excitations on the same pigment.25 Though further experi-
mental and theoretical verification are still needed, the first trial
to isolate the excited state vibronic coherence shows that inter-
exciton coherence has a sub-100 fs dephasing time in a homodimer
of biscyanine at an ambient temperature,26 while other coherent
exciton–vibrational (vibronic) couplings as the origin of long-lasting
coherence in artificial light harvesters have also been reported.27–29

However, the origin of the long-lasting coherence is still a matter
of ongoing debate, as it is unclear how the light-harvesting systems
suppress the loss of coherence due to interaction with the noisy
environments to sustain a long-lasting coherence.18,30

The synchronous behavior in the system–bath coupling is
important for the survival of quantum correlations and entan-
glement in the quantum system.31 It has been suggested that
spatially correlated environmental fluctuations might support the
long-lasting coherent dynamics of electronic excitations.32,33 By cou-
pling between the bath modes of low frequencies of two distinct
excitons, correlated spectral motion would occur in the electronic
states, preserving their phase relationships longer.32 However, atom-
istic descriptions have challenged the idea of spatially correlated
fluctuations in FMO complexes.34 Since this proposal emphasizes
the correlated motion of the environment, it can be regarded as
passive synchronization. Later theoretical studies combining clas-
sical molecular dynamics (MD) and quantum chemical methods
indicated that spatial correlations did not translate into significant
correlations among the site energies in FMO and phycoerythrin
545 (PE545).35–37 It has also been hypothesized that some energy
is reversibly transferred between the chromophores and environ-
mental bath modes throughout the transport process, leading to
reversible, oscillatory energy transfer among excited states.38

Although the correlated site energy fluctuations for the protein-
bound pigments were proposed for the observed long-lasting coher-
ence, it has been disproved by subsequent simulations; therefore,
it is challenging to identify any such “protection” of coherences.24

Theoretical studies have focused on the other coherence-protection
mechanisms, i.e., transient synchronization in exciton–vibrational
coupled systems as vibronic dimers.31,39,40 In this model, the local-
ized intramolecular vibrational coordinates can be projected into
symmetric and antisymmetric vibrational coordinates, and only the
antisymmetric vibrations can be coupled to the excitonic levels.
Tiwari et al. pointed out that it was the anti-correlated component
of the vibrations that coupled to the electronic state that induced the
energy gap fluctuation, which in turn drove energy transfer through
nonadiabatic dynamics.41 The results of these studies have shown
that coherent energy transport is concomitant with the emergence
of positive synchronization (in phase) between mode displacements,
which suggests that coherence in pigments promotes the synchro-
nization of vibrational motions driven by thermal equilibrium or
environmental noise. Moreover, transient spontaneous synchro-
nization can lead to very weak energy dissipation due to collective
motion;31,39,42 therefore, the synchronization is believed to be driven
by the environmental noise or the low frequency modes of the cor-
related motions of the proteins that bind the pigments.43 It has long
been known that correlated vibrations that are delocalized across
pigments oscillate coherently throughout the process of energy
transfer between the pigments, as observed experimentally.43,44 In
addition, it is explained in a dimer model in which each chro-
mophore supports a single vibrational mode, showing that when
coherence transfer to the acceptor occurs, the coherence trapping
in the donor can increase the longevity of vibronic quantum beats
beyond the time scale for electronic energy exchange.45

In our recent work on the exciton–vibrational model, Weng
et al. showed that the synchronization between the anti-symmetric
and symmetric collective modes of higher frequency modes for an
excitonic dimer was actively initiated by the dissipation of the res-
onant anti-symmetric modes by the coupled delocalized excitonic
states with fast dephasing, leaving only non-dissipative symmet-
ric collective modes.42 Generally, when the electronic gap energy
is larger than kBT (200 cm−1), synchronization occurs without the
participation of the environmental noise of slower motion.42 The
predicted half loss in coherent Raman intensity of the resonant
modes in a strongly coupled system, non-dissipation of the resonant
modes in dynamical Stokes shift spectra, and long-lasting coherence
have been experimentally confirmed in the allophycocyanin (APC)
trimer. It is expected that this predicted phenomenon based on the
quantum phase synchronization in the excitonic–vibrational mode
can be a consensus to examine the origin of long-lasting coher-
ence in other photosynthetic antenna systems, i.e., pure electronic,
vibrational, or excitonic–vibrational.

We want to extend the above consensus to the other light-
harvesting complex, which can be a potential candidate of an
electronic–vibrational coupling system for the observed long-lasting
coherence. PE545 is the only type of phycobiliprotein in cryptophyte
algae of the Rhodomonas, in which PE545 acts as the major light-
harvesting antenna.46,47 Cryptophyte is one of the most primitive
photosynthetic organisms, surviving under relatively poor lighting
conditions in the ocean and utilizing the sunlight more efficiently
than terrestrial plants.48 Therefore, the EET pathways in PE545 have
been investigated intensively both in theory and experiments.49–51

Figure 1(a) represents the crystal structure of PE545 with resolu-
tion up to 1.10 Å (PDB ID code 1XF6), which consists of four
polypeptide chains, including two α subunits (labeled as A and B)
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FIG. 1. (a) Top: The x-ray structure of the dimeric PE545 from cryptomonad Rhodomonas CS24 (PDB ID code 1XF6) with the four protein subunits (A–D) shown in pink (α),
green (α), blue (β), and orange (β). Bottom: The distribution of the pigments in PE545 with the distances between them. The coupled pigment pairs PEB β50/61C and PEB
β50/61D with the shortest distance of 15 Å are plotted in blue and orange. (b) The chemical structures of the phycoerythrobilin (PEB) and dihydrobiliverdin (DBV) pigments.
The structure of PEB β50/61 is plotted in the top panel, that of PEB β82 and PEB β158 is in the middle panel, and that of DBV is in the bottom panel.

and two β subunits (labeled as C and D), arranged in a dimeric
complex of αβ monomers. There are eight pigment molecules inside
the PE545 dimer, and all the pigments are covalently bound to the
protein frame. A monomer contains three phycoerythrobilin (PEB
50/61, PEB 158, and PEB 82) pigments in the β subunit and one
dihydrobiliverdin (DBV 19) pigment in the α subunit. The chemi-
cal structures of these pigments are plotted in Fig. 1(b). The closest
pigments in the PE545 dimer, between PEB 50/61C and PEB 50/61D
across the monomer-monomer interface, are separated by a center-
to-center distance of 15 Å,52 forming an excitonic dimer of the
strongest coupling. The difference CD spectrum between the dimer
and monomer shown in Fig. S5 exhibits a typical excitonic fea-
ture of PE545 with a fitted coupling constant of 276 cm−1, a value
larger than the earlier calculated one of 248 cm−1 and the later
calculated one of 92 cm−1.51,52 In the PE545 monomer, there are
two pigment pairs with weak electronic coupling, i.e., between DBV
19B and PEB 82C (45 cm−1) and between DBV A and PEB 82D
(46 cm−1).51 These two pigment pairs also have weak electronic cou-
pling (33–40 cm−1) with PEB 50/61C and PEB 50/61D, respectively.
The coupling constant derived from CD measurements is larger than
those of calculations; this is possibly owing to contributions from the
other more weakly coupled pairs. Therefore, the calculated value of
92 cm−1 is used as the coupling constant for the PEB 50/61C-PEB
50/61D dimer. Long-lived quantum coherence lasting at least 200 fs
has been observed by means of 2DES at room temperature.6,53,54

The observed oscillations were assigned to the electronic rather
than the vibrational coherences,54 while this slow dephasing of elec-
tronic coherence was suggested to be due to the presence of shared
or correlated motions in the surrounding environment.6 In addi-
tion, the covalent attachment of the chromophores to their protein
environment was thus believed to support or strengthen correlated
motions between chromophores and protein.6 Viani et al. analyzed
the degree of correlated fluctuations in the PE545 by combining MD
simulations with quantum mechanics/molecular mechanics calcula-
tions and showed that the effect of fluctuations and correlations in
site energies on the observed long-lived coherences was almost neg-
ligible in the PE545.35 On the other hand, Kolli et al. investigated the
role of high-energy quantized vibrations that were quasi-resonant
with excitonic transitions in non-equilibrium dynamics for energy
transfer.37 Their results showed that the beating pattern of excitonic
coherences in the presence of these vibrations had a dual origin, i.e.,
short-time oscillations lasting for about 50–100 fs from pure elec-
tronic coherence and a superimposed vibration-induced modulation
that survived close to the picosecond timescale. Therefore, the origin
of the long-lasting coherence in PE545 is still controversial.

In this work, we utilize 2DES and heterodyne-detected tran-
sient grating (HD-TG) and broadband transient absorption (BBTA)
to investigate the EET processes and coherence dynamics in PE545.
Compared to the APC trimer, which contains three identical pairs
of α84–β84 excitonic dimers, PE545 consists of only one pair of
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relatively stronger coupled excitonic dimers of PEB 50/61C-PEB
50/61D among a total of eight pigment molecules. This results in
a congested absorption spectrum, making it more challenging to
identify the potential electronic–vibrational coherence in PE545. We
directly resolved the ultrafast EET process within the PEB 50/61
pigment pair with a lifetime constant of 50 fs. By monitoring the
excited-state resolved dynamical Stokes shift, we found a 270-fs
coherence lifetime in the dimer, which is more than twofold of the
coherence lifetime observed in the monomer (120 fs). Furthermore,
the excitonic–vibrational mode at 1150 cm−1 shows zero amplitude
in the corresponding dynamical Stokes shift spectrum at the lower
energy level of the excitonic dimer, indicating that this mode is not
involved in the electronic energy dissipation process of the dimer. In
addition, double-cross (DC) polarization-controlled HD-TG mea-
surements further reveal that the mode at 1150 cm−1 originates
from excitonic–vibrational coherence. Therefore, we conclude that
quantum phase synchronization is realized for the resonant col-
lective mode of 1150 cm−1 in PE545, and this mode is attributed
to the resonance excitonic–vibrational coherence mode responsible
for the observed long-lasting quantum coherence in the excitonic
dimer.

II. METHOD
A. Sample preparation

The analytical grade PE545 (Abs545/Abs280 = 10) was purified
from unicellular cryptophyte algae of the Rhodomonas salina. The
purification process of PE545 is briefly described as follows:55–57

this marine cryptophyte strain preserved in our laboratory was cul-
tured at 20 ○C in f/2 artificial seawater culture media. After 20
days, through centrifugation (4000 rpm, 10 min, 4 ○C), the algae
biomass was separated from the culture medium and then stored at
−80 ○C. The stored algal cells were mixed with a 0.02M phosphate
buffer solution (pH 6.9) at a mass-to-volume ratio of 1:10. Upon
completing three freeze–thaw cycles, centrifugation (12 000 rpm,
30 min, 4 ○C) was performed to obtain PE545-enriched super-
natant. Then, the supernatant was treated with 50% (w/v) saturated
ammonium sulfate to precipitate impurity. After centrifugation
(12 000 rpm, 20 min, 4 ○C), the supernatant solution containing
PE545 was filtered through a 0.22 μm cellulose acetate membrane
for subsequent purification with fast protein liquid chromatogra-
phy (FPLC). The FPLC device equipped with a Butyl-S Sepharose 6
Fast Flow column was then used to obtain the final analytical grade
PE545 through gradient elution with the various concentrations
of (NH4)2SO4. Following SDS-PAGE, three bands at the expected
positions (α1 and α2 subunits around 10 kDa and the β subunit
around 20 kDa) were confirmed by Coomassie Brilliant Blue staining
(Fig. S1 in the supplementary material). In addition, according to the
different retention times, PE545 dimer and PE545 monomer were
separated (Fig. S2 in the supplementary material) in gel filtration
chromatography (Superdex-200 Increase 10/300 GL, GE, USA).

B. Spectroscopy
The principle of 2DES and the setup used for the experiments

have been described in detail elsewhere, while a brief description
is given here.58–60 In the 2DES experiment, a sequence of three

identical ultrashort laser pulses excites the sample to induce a four-
wave mixing (FWM) signal, which interferes with another pulse
(local oscillator, LO). From the heterodyne interference signal, we
could obtain both the intensity and the phase of the FWM sig-
nal. After Fourier transform (FT), a 3D array comprising excitation
frequency, emission frequency, and waiting time is obtained, from
which both the spectral evolution of the system and the quantum
coherence beating signals can be extracted. The setup used for 2DES
experiments comprises a home-built non-collinear optical paramet-
ric amplifier (NOPA) and a non-collinear BOXCARS 2DES setup
with an angle between the beam pairs of 2.6○. The pulses with a spec-
trum centered at 550 nm were compressed to 9 fs (Fig. S3 of the
supplementary material) using a combination of a grating pair and
a fused silica prism pair. The coherence time (τ) between the first
two pulses was scanned by a 1.35-fs step from −54 to 54 fs. The wait-
ing time (T) of 2DES was scanned by an 8-fs step within a temporal
region of 1 ps and then scanned at uneven intervals to 100 ps. An
excitation energy of 1 nJ per pulse was used for all measurements
with the spot size (100 × 100 μm2) at the sample. The excitation
energy density was ∼12 μJ/cm2. 2DES data were averaged over ten
times in two independent experiments to obtain a higher quality of
coherent dynamics. The polarization combination involved in the
all-parallel (AP) 2DES and HD-TG experiments is (0○, 0○, 0○, 0○),
while that for the DC HD-TG experiment is (45○, −45○, 90○, 0○).

III. RESULTS AND DISCUSSION
A. Quantum phase synchronization via resonant
exciton–vibrational coupling of the collective modes

The observed long-lived coherence has been explained by a
model of resonant exciton–vibrational coupling of the collective
mode to a dimeric exciton, as illustrated in Fig. 2, exemplified
with an interacting PEB 50/61D and PEB 50/61C pigment pair in
PE545 is plotted, where two PEB pigments form a non-degenerate
homodimer, and each molecule possesses an identical intramolec-
ular harmonic vibration with a frequency of ω in resonance with
the excitonic energy gap ΔE. The corresponding Hamiltonian,

FIG. 2. Left: The energy diagram of the exciton–vibrational PEB 50/61 pigment
dimer. PEB 50/61D and PEB 50/61C are labeled as molecules A and B, respec-
tively. Right: qA and qB are localized intramolecular vibrational coordinates. The
anti-symmetric (Qa) modes undergo fast energy dissipation via coupling of the
delocalized excitonic levels, and the symmetric (Qs) modes survive. Correction:
We fix the error in Fig. 5(c) in reprinted with permission from Zhu et al., Nat. Com-
mun. 15, 3171 (2024). Copyright 2024 Springer Nature, where Qa and Qs should
be swapped.
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including the ground state and two singly excited states (excitonic
levels), is given by

Ĥ = T + [VA(qA) + VB(qB)]∣ g⟩⟨g∣
+ [εA + VA(q∗A) + VB(qB)]∣e1⟩⟨e1∣
+ [εA + VA(qA) + VB(q∗B)]∣e2⟩⟨e2∣
+ J[∣e1⟩⟨e2∣ + ∣e2⟩⟨e1∣], (1)

where T is the kinetic energy, V(q) is the potential energy surface, q∗

and q are the dimensionless coordinates of the excited and ground
states for the two molecules, respectively, and they satisfy the equa-
tion of q∗i = qi + di, where di is the dimensionless displacement of
nuclear coordinate for the excited state with respect to that of the
ground state. ∣g⟩ and ∣e⟩ represent the ground and excited states on
a local electronic wave function basis, respectively. The intramolec-
ular vibrational modes are converted into two intermolecular col-
lective modes, i.e., the symmetric collective component, Qs = (qA

+ qB)/
√

2, and the anti-symmetric collective component, Qas

= (qA − qB)/
√

2. Under weak electronic coupling (J) and a sig-
nificant site energy difference (Δ = εA − εB), i.e., Δ/2≫ J, the
eigenenergies of the two delocalized states can be derived as
follows:

E+ = (εA + h̵ωS) + 1
2

h̵ω(Q∗s 2 +Q∗a
2) − h̵ω

√
S(Q∗s −Q∗a ),

E− = (εB + h̵ωS) + 1
2

h̵ω(Q∗s 2 +Q∗a
2) − h̵ω

√
S(Q∗s +Q∗a ),

(2)

where the subscripts ± indicate the upper and lower energy levels,
respectively.

Apparently, the electronic energy without the contribution of
the pure vibrational energy can be expressed as

E+ = (εA + h̵ωS) − h̵ω
√

S(Q∗s −Q∗a ),
E− = (εB + h̵ωS) − h̵ω

√
S(Q∗s +Q∗a ).

(3)

After impulsive optical excitation, vibrational wave packets are
created in both the excited state and the ground state, and the
intramolecular vibrational mode experiences a Brownian force from
the environment and undergoes underdamped oscillation.61 Such
underdamped oscillation would appears as oscillation in the pop-
ulation dynamics and modulates the energy levels of the excited
states temporarily.62 Under the assumption that Gaussian stochas-
tic random force due to solvent motion acting on the jth vibrational
mode takes on zero, the nuclear motion for the jth underdamped
oscillation can be derived as

q(t) = A0e−
γj t

2 (cos (ωjt + φj) + γj

2ωj
sin (ωjt + φj)), (4)

where φ is the initial phase and A0 is the oscillation amplitude, γ is
the relaxation rate, and ωj = [ω2

j − (γj/2)2]1/2. For the vibrational
modes of high-frequencies, such as >500 cm−1, γ≪ ωj, and we have
ωj ≈ ωj ; therefore,

q(t) ≈ Ae−
γj t

2 (cos (ωjt + φj) + γj

2ωj
sin (ωjt + φj)). (5)

The excited state nuclear motion q∗(t) takes the same form as
that of q(t), while the parameters such as A, γ, and φ can be different.
When a dimer is considered, Eq. (5) also applies to the motion of the
collective modes. The detailed derivation of Eq. (4) can be found in
Sec. 12.3 of the supplementary material.42

In the measurement of the time-dependent dynamical Stokes
shift, generally the upper excitonic level (E+) decays too fast to be
measured; we focus only on the lower energy level (E−), i.e., and the
time-dependent term is

E−(t) = −h̵ω
√

S(Q∗s (t) +Q∗a (t)). (6)

In a weakly coupled excitonic dimer, taking the relaxation rates for
the asymmetric and symmetric collective modes as γs ≈ γas, we sub-
stitute the motion equation for the jth collective mode described by
Eq. (5) into Eq. (6), the time-dependent dynamical Stokes shift of
the lower excitonic energy level coupled to the jth vibrational mode
is given as

Ej
− (t) = −2A∗0

√
Sjh̵ωje−

γ∗j t

2 cos(φ j
s − φ j

a

2
)

× [cos(ωjt + φ j
s + φ j

a

2
) + γ∗j

2ωj
sin(ωjt + φ j

s + φ j
a

2
)], (7)

where φ j
s and φ j

as are the initial phases of the symmetric and anti-
symmetric collective modes, which can be uncorrelated initially in
a weakly coupled dimer. In Eq. (7), if the anti-symmetric and sym-
metric collective modes are synchronized, i.e., φ j

s − φ j
as = π,31 then

we have E j
−(t) = 0, which indicates that the synchronized vibrational

modes would not participate in the electronic energy dissipation.
We then show that for the resonant modes in a strongly coupled

system, the phase synchronization can be realized by the following
mechanism. By using the Hamiltonian for the delocalized excitonic
basis, the local electronic wave function basis is changed to the
delocalized excitonic basis (∣Ei⟩) via a rotation operator U(θ),31

(∣E1⟩
∣E2⟩) = U†(θ)(∣e1⟩

∣e2⟩), (8)

where U(θ) = ( cos θ sin θ

− sin θ cos θ
). θ = 1

2 arctan ( 2J
Δ ) is referred to as the

mixing angle, which is an effective measure of the delocalization of
the electronic sub-system or the exciton size. Δ = εA − εB is the site
energy difference. Subsequently, the exciton–vibrational coupling
Hamiltonian is

Hcoupling = h̵ω
√

S sin (2θ)Q∗a σx, (9)

where σx = ∣E1⟩⟨E2∣ + ∣E2⟩⟨E1∣ is the transition operator. Obviously,
for strongly coupled systems, only the anti-symmetric collective
modes can be coupled to the two delocalized excitonic states. There-
fore, once the anti-symmetric collective modes are in resonance with
the two delocalized excitonic states, vibrational energy will be dissi-
pated to the environment through fast excitonic dephasing (30 fs−1),
leaving only the correlated symmetric collective modes surviving,
i.e., γas ≫ γs. This automatically leads to the correlated motion of
the two molecules after a certain period of time, even though the
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initial phases can be different. Since the resonant symmetric col-
lective modes are decoupled to the excitonic states, they do not
participate in the electronic energy dissipation process, which ren-
ders the excitonic dimer an active mechanism of protecting the
vibrational coherence against the environmental fluctuations.

As a result, for either the weakly coupled (γas ≈ γs) or strongly
coupled systems (γas ≫ γs), the resonant vibrational mode would
not appear in the dynamical Stokes shift spectra. This pro-
vides three experimentally measurable consensus for verification
of the observed long-lasting coherence as the excitonic–vibrational
coherence in origin:

(1) Half-loss in Raman intensity for the near resonant coherent
vibrational modes in a strongly coupled excitonic pair in con-
trast to the Raman intensity of the corresponding modes in
the isolated molecules.

In the experimental measurement of the coherences,
the Raman intensity of the vibrational modes is measured
by Fourier transformation of the oscillation kinetics; there-
fore, the intensity (I) of the given mode can be deduced
as inversely proportional to its relaxation rate (k), i.e., Ias

Is

= ks
kas

. Taking the relation rate of the anti-symmetric mode
of fast relaxation as that of the electronic dephasing rate
kas = 1/50 fs−1 and ks = 1/1000 fs−1, we have I∗as

I∗s
= 0.05 ≈ 0;

therefore, the Raman intensity of the coherent mode at the
excited states in a strongly coupled dimer is almost equal to
that of the symmetric collective mode, i.e., I∗s = I∗iso, which
is half of the intensity for two isolated molecules (2I∗iso),
where I∗iso denotes the Raman intensity of an excited isolated
molecule (Sec. 12 in the supplementary material). As to the
Raman intensity for the mode at the ground state, Tivari et al.
have shown that during the resonance Raman excitation of
the strongly coupled dimer, anti-correlated vibrational wave
packets are in resonance with the electronic transition.41

Therefore, the anti-correlated collective modes are dominant
in the ground state. As a result, for a strongly coupled dimer,
a loss in Raman intensity for the near-resonant coherent
vibrational modes in the ground state is expected.

The half-loss in Raman intensity for strongly coupled
dimers has also been proposed by Tiwari and Jonas before
in terms of Huang–Rhys factors for the collective modes.63

The Huang–Rhys factor of the correlated vibration (S+j ) is
half of that for the isolated pigment mode (S+j = 1

2 Siso), while
the Huang–Rhys factor of the anti-correlated vibration (S−j )
is equal to or less than half of that for the isolated pigment
vibration (S−j = cos2(2θd)

2 Siso), where θd is the excitonic mix-
ing angle and defined by 2θd = arctan ( 2J

Δ ). The sum of S+j
and S−j is greater than or equal to S+j = 1

2 Siso, becoming equal
for strong coupling (complete excitonic delocalization). This
sum is also less than or equal to Siso, becoming equal in the
absence of excitonic mixing.

(2) Absence of the near resonant vibrational modes in the
dynamical Stokes shift coherence spectra for both weakly and
strongly coupled systems.

(3) Longer coherence lifetime in the exciton than that in the non-
excitonic system.

All these three consensuses have been verified in a relatively
strongly coupled APC consisting of three identical excitonic pairs.
As shown in Fig. 1, PE545 only has one excitonic pair in the presence
of six other monomeric pigments with severely congested absorp-
tion spectra; therefore, it is challenging to inspect the origin of the
long-lasting coherence in PE545.

B. 2DES spectra and the amplitudes of resonant
vibrational modes in the coherence spectra

The absorption and fluorescence spectra of the PE545 dimer
are shown in Fig. 3 (blue and red lines) and can be covered by the
broadband spectra of the excitation pulses for the 2DES measure-
ment (the shaded area in Fig. 3). The reported energy positions of
8 exciton states (k = 1–8) are plotted as vertical sticks in Fig. 3;
their assignments to the respective pigments are given in Table S1,
while the simulated absorption spectra of the excitons are plotted in
Fig. S6. Specifically, the states k = 1 at ω1 = 19 120 cm−1 (orange
stick) and k = 5 at ω1 = 18 040 cm−1 (blue stick) correspond to
the exciton levels of the PEB 50/61D-PEB 50/61C dimer, with an
energy splitting of around 1080 cm−1. The site energy difference
between the excitonic dimers is estimated to be 1042 cm−1.51 PE545
belongs to a weakly coupled system ( 2J

ΔE = 0.17) in the diabatic pig-
ment basis.64 The absorption and fluorescence spectra of the PE545
monomer are shown in Fig. S4 in the supplementary material for
comparison.

Figure 4(a) presents the pure absorptive 2DES of the PE545
dimer at T = 24 and 200 fs and 2 and 100 ps. The positive peaks
elongated along the diagonal are assigned to ground-state bleach-
ing (GSB) and stimulated emission (SE) signals of the PEB and
DBV pigments. EET processes among the pigments in PE545 are
clearly shown by the spectral evolution over time, i.e., the increased
amplitude of the cross peak below the diagonal and the concomi-
tant decrease of the diagonal peak in the 2D maps. The grid shown
by gray dotted lines in Fig. 4(a) highlights the positions of the
energy levels for the PEB 50/61D-PEB 50/61C excitonic pair in the

FIG. 3. Absorption spectrum (blue) and fluorescence spectrum (red) of PE545 at
room temperature and the broadband spectral profile of the excitation laser pulses
used in 2DES measurements (shaded in purple). The vertical sticks indicate the
exciton levels fitted by spectral simulation. The exciton levels of PEB 50/61D and
PEB 50/61C are highlighted in orange sticks and blue sticks, respectively. The
sticks are reprinted with permission from Novoderezhkin et al., Biophys. J. 99, 344
(2010). Copyright 2010 Elsevier.
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FIG. 4. (a) Pure absorptive 2D maps of PE545 recorded at the waiting times of T = 24, 200 fs, 2, and 100 ps with dashed lines indicating the excitonic energy levels. (b)
The population relaxation dynamics from 40 fs to 1 ps at the diagonal peaks at (19 120, 19 120) cm−1 and (18 040, 18 040) cm−1 and the energy transfer dynamics at the
cross peak at (19 120, 18 040) cm−1. The raw data are shown in dots, and the fitting results using multi-exponential function f (t) = ∑4

i=1Ai exp (−t/τi) are shown in black
lines, where τ is the lifetime constant and A is the corresponding coefficient. The graphic inset in (19 120, 18 040) cm−1 enlarges the component indicative of rising from 24
to 104 fs. The color in the legend of (b) corresponds to the peak positions marked with squares of the same color as (a).

2D spectra. The dynamics of the two excitonic levels at the two
diagonal peaks of (19 120, 19 120) cm−1 and (18 040, 18 040) cm−1

have respective decay time constants of 60 and 200 fs, while the cross
peak at (19 120, 18 040) cm−1 indicative of energy transfer from the
upper excitonic level to the lower one, shows a slight increase in the
amplitude at the early stage [see the inset in Fig. 4(b), right panel],
subsequent with a slower relaxation process, aligning with the sim-
ulated pure electronic dephasing time of about 50 fs in the PEB
excitonic pair at room temperature.37 The weak rise in the dynamics
could be attributed to the interference of pulse overlapping effects
in the early stage, and the more weighted decay component origi-
nated from the energy relaxation of PEB 50/61C. We also inspected
the energy transfer dynamics at another predicted cross peak at (18
340, 17 620) cm−1, which represents the EET process from the higher
545 nm energy band to the lower 567 nm energy band. As shown in
Fig. S7, the fitting results reveal a EET process with a lifetime con-
stant of 780 fs, corresponding to the EET process from the central
PEB 50/61D-PEB 50/61C dimer to the four peripheral pigments, i.e.,
PEB 158 and PEB 82, which are consistent with the literature val-
ues.51 The pure absorptive 2DES of PE545 monomer is shown in
Fig. S8 in the supplementary material. The spectral features of the 2D
maps of dimer and monomer are nearly the same. The EET dynam-
ics of the PE545 monomer are shown in Fig. S11. The slow processes
on the picosecond timescale at the cross peak (18 340, 17 620 cm−1)
fall in the incoherent Förster EET mechanism regime. Therefore, the

influence of the weak electronic coupling among pigments in the
monomer could be ignored in our following discussion.

In addition, we have observed clear quantum beats at the lower
excitonic level at (18 040, 18 040) cm−1, shown as the residuals in
Fig. 4(b), middle panel. The oscillation amplitude is nearly 5% of
the population, which has a decay time of 260 fs (damped oscillation
fitting in the blue line), and is thus regarded as long-lasting coher-
ence. After subtracting the fitted decay envelopes, we could observe
abundant oscillatory features in both PE545 dimer and monomer,
especially within the first 1 ps time window, as shown in Figs. 4(b)
and S11. We performed Fourier transformation on the oscillatory
residual from 40 fs to 1 ps and then integrated the coherent ampli-
tude across the 2D spectra for both the dimer and the monomer.
Nine significant coherent frequencies at 210, 370, 500, 870, 1150,
1230, 1360, 1588, and 1630 cm−1 were observed in the coherent spec-
tra for both the dimer and the monomer, as shown in Fig. 5(a).
In particular, the blue-shaded region and blue line highlight the
vibrational mode at 1150 cm−1, which is assigned to the C–C and
C–N stretching coupled to N–H and C–H rocking.65 This mode
is in the region of near-resonance with the excitonic energy split-
ting (1080 cm−1) of the PEB 50/61D-PEB 50/61C pigment dimer.
The BBTA experiments also revealed similar coherence information
[see Fig. 5(b)]. Pre-resonant impulsive Raman HD-TG experiments
(detailed in Sec. 8 in the supplementary material) were performed
to characterize the Raman modes as shown in Fig. 5(c). These
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FIG. 5. Integrated coherence spectra of PE545 dimer (green) and monomer (orange) from 2DES (a), BBTA (b), and impulsive Raman (c) by pre-resonant HD-TG measure-
ments. The gray lines indicate vibrational modes at 210, 370, 500, 880, 1230, 1360, 1588, and 1630 cm−1. The blue line and blue-shaded area highlight the vibrational
mode at 1150 cm−1. All spectra were normalized to the amplitude at 500 cm−1. The spectra of NOPA used for impulsive Raman experiments and BBTA are plotted in
Figs. S14 and S16.

frequencies are consistent with the reported vibrational frequencies
of PE545, while the extra mode at 980 cm−1 comes from buffer, and
the mode at 1150 cm−1 undergoes a red shift to 1090 cm−1.37,66 A
comparison of the coherent spectra of the dimer with that of the
monomer revealed similar amplitude at 1150 cm−1. The expected
reduction in the amplitude of the resonant mode of 1150 cm−1

is much less compared to our previous report on APC, in which
the resonant modes have a nearly 50% reduction in the vibrational
amplitudes in the trimer than that in the α-subunit. The observed
almost same Raman intensities in the PE545 dimer and monomer
can be accounted for from two aspects. First, the weakly coupled
nature of PE545 leads to a significantly smaller reduction in the
Raman intensity of the resonant mode compared to the half-loss
expected for strongly coupled systems.63 Second, the PE545 contains
six PEBs and two DBVs, but only two of the PEBs form the electron-
ically coupled pigment pair, while the Raman intensities for every
individual PEB and DBV molecule can be varied.36 Therefore, unlike
those in APC, half loss in the coherent Raman intensity cannot be
observed in PE545.

The FT coherence maps (Fig. S19 in the supplementary
material) from the 2D rephasing spectra of PE545 dimer and
monomer exhibit similar characteristics, two broad peaks located
on the upper cross peak and the lower cross peak, respectively.
The pattern of the FT coherence maps depends on the origin of
the coherence. Typically, pure electronic coherence distributes on
the symmetric off-diagonal peaks, while the pure vibrational coher-
ence in a displaced harmonic oscillator (DHO) system exhibits as
a chair pattern.67 The FT coherence map of exciton–vibrational
coherence was predicted to exhibit an asymmetric enhanced ampli-
tude at the lower cross peaks, which is attributed to the enhance-
ment of delocalized and anticorrelated ground state wave packet
excited via nonadiabatic excitonic–vibrational coupling.41 As shown
in Fig. S19 in the supplementary material, nearly all the FT coher-
ence maps of PE545 exhibit an asymmetric intensity enhance-
ment in the lower cross peak. We attributed this phenomenon
to the fact that the ground state wave packets dominate the
coherence signals under our excitation conditions.68 Therefore, the
ground-state amplitude enhancement in the FT coherence maps
cannot serve as a criterion for the excitonic–vibronic coupling in
PE545.

C. Excited state resolved dynamical Stokes
shift spectra

Apart from the spectral evolution originating from EET, the
diagonal peaks undergo spectral broadening along the anti-diagonal
direction and redshift along the emission frequency due to energy
relaxation of the excited electronic states through vibrational modes
and solvent reorganization. These phenomena are known as sol-
vation, which originates from the system–bath interaction.69 The
ultrafast solvation dynamics of electronically excited states can be
revealed by the dynamical Stokes shift function S(t), which is anal-
ogous to the frequency fluctuation correlation function in the linear
response region.70,71 S(t) was extracted from the 2D spectra by mon-
itoring the shift of the diagonal peak along emission frequency as a
function of waiting time (T). S(t) extracted from the sliced spectra at
ω1 = 18 040 are shown in Fig. 6 (left panel), which corresponds to the
lower excitonic states in the PEB 50/61D-PEB 50/61C dimer. S(t) of
the monomer extracted from BBTA measurement is shown in Fig. 6
(right panel).

As demonstrated in Fig. 6, dynamical Stokes shift decays with
the increasing waiting time. We discerned two lifetime constants
for the dimer and monomer by employing the sum of a Gaussian
and a single-exponential decay function [ f (t) = Ad exp [−t2/(2τ2

d)]
+ Ae exp (−t/τe) + C] from 40 fs to 1 ps. The fitting results are
listed in Table S2 in the supplementary material. In the dimer,
the ultrafast process with a lifetime constant of 66 fs is domi-
nated by the inertial solvent response, and the slower process with
a lifetime constant of 550 fs is dominated by the subsequent dif-
fusive response. In the monomer, the two lifetime constants are
47 fs and 1.6 ps, respectively. The former accounts for a signifi-
cant portion of the equilibration process and is governed by the
solvent dynamics, while the latter, over a time scale comparable to
that of the energy transfer (1 ps), aligns with findings from previ-
ous studies on similar proteins.71 The residuals of the dynamical
Stokes shift are plotted in the lower panel, respectively. The oscil-
lations originate from the coherent coupling of vibrational modes
to electronic states as wave packets, which are created by the excita-
tion of an ultrashort light pulse with a broad spectral bandwidth.
The accurate coherent lifetime constants of the wavepackets are
hard to be accurately determined because of the superposition of
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FIG. 6. 2DES-detected dynamical Stokes shift of PE545 dimer at ω1 = 18 040 cm−1 (the lower excitonic level in PEB 50/61D-PEB 50/61C pigment pair) and the BBTA-
detected dynamical Stokes shift of PE545 monomer. The energy relaxation kinetics are fitted with the sum of a Gaussian and single exponential decay function from 40 fs to
1 ps. The oscillatory residual curves are plotted in the bottom panel, with the fitting results with damped oscillation function from 40 to 1 ps for 2DES and from 80 fs to 1 ps
for BBTA to avoid the jitter arising from the interference between the probe and the scattering light of the pump.

multiple vibrational modes, while the envelopes of the residues
reveal a longer coherent lifetime in the exciton–vibrational coupled
pigments dimer than that in the monomer. The coherence lifetime
constants are fitted by f (t) = Ac1 exp (−t/τc1) sin (2πcω1 ⋅ t + ϕ1)
+ Ac2 exp (−t/τc2) sin (2πcω2 ⋅ t + ϕ2) + C. The estimated average
lifetime constants (τc) for the wave packets are ∼270 fs for the dimer
and ∼120 fs for the monomer. The fitting results are detailed in Table
S3 in the supplementary material.

The dynamical Stokes shift coherence spectra of the dimer
from 2DES measurements were derived through Fourier transfor-
mation of the corresponding oscillatory residual curve of S(t) and

are shown in Fig. 7(a). The spectra were averaged at several nearby
spectral slices to increase the signal-to-noise ratio. In the dimer, the
near-resonant mode at 1150 cm−1 disappears in the FT spectrum
from the dynamical Stokes shift at the spectral slices at ω1 = 17
980–18 080 cm−1, corresponding to the lower excitonic states of the
PEB 50/61D-50/61C pigment pair. In contrast, the mode appears
in the other spectral slices from ω1 = 17 700–17 800 cm−1 and
ω1 = 17 360–17 460 cm−1, corresponding to the energy levels of PEB
82C and DBV A, respectively. As shown in the amplitude profile of
the mode at 1150 cm−1 along excitation frequency (ω1) from pure
absorptive 2DES [Fig. 7(b)], the mode mainly distributes at around

FIG. 7. (a) Excited-state resolved
dynamical Stokes shift coherence
spectra from 40 fs to 1 ps of PE545
dimer at ω1 = 17 980-18080 cm−1 (top),
ω1 = 17 700-17800 cm−1 (middle),
ω1 = 17 360-17460 cm−1 (bottom), cor-
responding to the lower excitonic level
of the PEB 50/61D-50/61C pigments
pair, PEB 82C, and DBV A, respectively.
The resonant mode at 1150 cm−1 is
highlighted by a blue line, which is
absent in the coherence spectrum at
ω1 = 17 980–18080 cm−1 but appears
in other spectra. (b) Intensity distribution
of the 1150 cm−1 mode along excitation
frequency ω1 (integrated over the emis-
sion frequency ω3) from pure absorptive
2DES of PE545 dimer. (c) Dynamical
Stokes shift coherence spectra from
80 fs to 1 ps of PE545 monomer from
BBTA measurements.
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FIG. 8. Comparison of the FT spectra of
the PE545 dimer (green) and monomer
(orange) from AP HD-TG (a) and DC HD-
TG (b) measurements. The blue shaded
area highlights the mode at 1150 cm−1.

ω1 = 17 980–18 080 cm−1 and has relatively small amplitudes at
ω1 = 17 700–17 800 cm−1 and ω1 = 17 360–17 460 cm−1, indicating
that the near-resonant modes are strongly suppressed only in the co-
herence spectra of dynamical Stokes shift at the lower excitonic states
in the coupled pigment pair. In addition, the dynamical Stokes shift
coherence spectrum of the PE545 monomer from BBTA is plotted
in Fig. 7(c) with the presence of the vibrational mode at 1150 cm−1.

Furthermore, DC HD-TG experiments were performed for
both PE545 dimer and monomer, as detailed in Sec. 8 in the
supplementary material. The polarization combination of (45○,
−45○, 90○, 0○) is effective to distinguish electronic coherence as
well as excitonic–vibrational coherence from vibrational coherence
by suppressing the latter with respect to the AP HD-TG (0○, 0○,
0○, 0○).24 For the population state signals in AP HD-TG and DC
HD-TG, a suppression ratio of about 75 was achieved. As shown
in the FT spectra for the PE545 dimer from DC HD-TG [green
line in Fig. 8(b)], two intense modes at 210 and 500 cm−1 still
appear. However, the intensity of the 1150 cm−1 mode is signif-
icantly enhanced compared to that in AP HD-TG [Fig. 8(a)]. In
contrast, in the monomer, all the modes, including 1150 cm−1 are
suppressed in DC HD-TG (orange line in Fig. 8). Therefore, we
attribute the origin of the mode at 1150 cm−1 in the PE545 dimer
to excitonic–vibrational coherence, consistent with the conclusion
derived from the dynamical Stokes shift analysis.

The dynamical Stokes shift characterizes the dissipation of the
excited-state energy, and its oscillatory behavior can be assigned
to intramolecular vibrational modes. Therefore, the coherence

TABLE I. Consensus for experimental identification of electronic–vibrational coupling.

Consensus
Weakly
coupled

Strongly
coupled

Absence of coherent modes in
dynamical Stokes shift spectrum Yes Yes
Half-loss in Raman intensity No Yes
Longer coherence time than isolated
molecule Yes Yes

spectrum of dynamical Stokes shift can be used to characterize
the intramolecular or solvent vibrational modes participating in
the electronic energy dissipation processes. Our results suggest
that the exciton–vibrational modes in the dimer do not partic-
ipate in the electronic energy dissipation process; therefore, the
exciton–vibrational coherence of the excitonic dimer in the PE545
dimer is protected against fluctuating environmental noise, which
accounts for the longer coherence time. These results validate the
prediction from the quantum phase synchronization of the resonant
collective mode in the excitonic dimer, where the absence of the
near resonant vibrational modes in the dynamical Stokes shift coher-
ence spectra is expected. Therefore, based on our results, the con-
sensus for experimental identification of the electronic–vibrational
coupling can be summarized in Table I.

IV. CONCLUSION
We found the ultrafast EET process with a lifetime constant

of 50 fs within the PEB 50/61 pigment pair in PE545. Abundant
oscillatory signals were revealed, and the near-resonant mode at
1150 cm−1 is attributed to exciton–vibrational coherence. By mon-
itoring dynamical Stokes shift, the coherence lifetime constant of
the dimer was estimated to be around 270 fs, much longer than
that of 120 fs in the monomer. The near-resonant mode is absent
in the dynamical Stokes shift at the lower excitonic state of the
PEB 50/61D-50/61C pigment dimer and is therefore hardly involved
in the energy dissipation process. Our results validated the predic-
tions from the quantum phase synchronization mechanism, which
suggests that anti-symmetric resonant collective vibrational modes
coupled with electronic states undergo fast dephasing and reveal
the phase synchronization with the long-lived symmetric collective
modes. In addition to APC, PE545 provides another example of
the quantum phase synchronization mechanism for suppressing the
environmental fluctuations in a biological system, which leads to a
long-lasting excitonic–vibrational coherence.

Exciton–vibrational coherence and quantum phase synchro-
nization can be a general strategy for protection of the long-lasting
coherence in the excitonic dimer within the light-harvesting sys-
tems. It serves as a quantum analog of the classical Huygens syn-
chronization of two pendulum clocks,72,73 where either anti-phase
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or in-phase oscillations can survive from the initial two oscillations
depending on the construction of the pendulum clocks, i.e., for the
anti-phase motion, the two identical pendulum clocks are weakly
coupled through a heavy beam, while for in-phase motion, the ratio
of the beam frequency to the pendulum frequency is very small,
or the damping of the beam is not too large, and the maximum
amplitude of the oscillators is sufficiently small.74

SUPPLEMENTARY MATERIAL

See the supplementary material for additional sample prepa-
ration analysis, pulse characterization, circular dichroism spec-
trum, supplementary 2D spectra, energy transfer dynamics,
supplementary analysis of BBTA and HD-TG, dynamical Stokes
shift, FT coherence maps, and time-frequency analysis.
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