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ABSTRACT

Phycocyanin 620 (PCezo) is the outermost light-harvesting complex in phycobilisome of cyanobacteria, engaged in light collection and energy
transfer to the core antenna, allophycocyanin. Recently, long-lived exciton-vibrational coherences have been observed in allophycocyanin,
accounting for the coherent energy transfer [Zhu et al., Nat. Commun. 15, 3171 (2024)]. PCe20 has a nearly identical spatial location of three
a84-P84 phycocyanobilin pigment pairs to those in allophycocyanin, inferring an existence of possible coherent energy transfer pathways.
However, whether PCs;) undergoes coherent or incoherent energy transfer remains debated. Furthermore, accurate determination of energy
transfer rates in PCqyo is still necessary owing to the spectral overlap and broadening in conventional time-resolved spectroscopic measure-
ments. In this work, the energy transfer process within PCs was directly resolved by polarization-controlled two dimensional electronic
spectroscopy (2DES) and global analysis. The results show that the energy transfer from a84 to the adjacent 84 has a lifetime constant of
400 fs, from B155 to p84 of 6-8 ps, and from P155 to a84 of 66 ps, fully conforming to the Forster resonance energy transfer mechanism. The
circular dichroism spectrum also reveals that the a84-f84 pigment pair does not form excitonic dimer, and the observed oscillatory signals
are confirmed to be vibrational coherence, excluding the exciton-vibrational coupling. Nodal line slope analysis of 2DES further reveals that
all the vibrational modes participate in the energy dissipation of the excited states. Our results consolidate that the ultrafast energy transfer
process in PCgy is incoherent, where the twisted conformation of a84 is suggested as the main cause for preventing the formation of a84-84
excitonic dimer in contrast to allophycocyanin.
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. INTRODUCTION

Photosynthesis is one of the most important energy conversion
processes on the earth.! Light harvesting complexes are important
functional units for photosynthesis. They are responsible for light
absorption and subsequent excitation energy transfer (EET) to a
reaction center.” An efficient EET process is critical for the suc-
cess of photosynthesis. Cyanobacteria are one of the most important

photosynthetic organisms and are responsible for producing ~25%
of global oxygen.”" The main light-harvesting complex in cyanobac-
teria is the phycobilisome (PBS) complex, including phycocyanin
(PC) rods and allophycocyanin (APC) cores. Early studies on PBS
have shown that the EET process is dominated by the Forster res-
onance energy transfer (FRET) mechanism.”® It assumes energy
hopping over the pigments arranged sparsely in incoherent form
and occurs on femtosecond to picosecond time scales.”* In recent
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years, the quantum coherent EET mechanism has been proposed to
account for the near unity efficiency in the EET process.” It manifests
as oscillatory signals on the EET kinetics detected in a variety of light
harvesting systems in ultrafast spectroscopic measurements.'’
Quantum coherences can be classified as electronic, vibrational, and
vibronic coherences.!” Fragile electronic coherences and vibrational
coherences originating from a single monomer limit their role in
the coherent EET process,”'* whereas the coupling between the
excitonic and vibrational degrees of freedom facilitates the energy
delocalization across different pigments, further enhancing the EET
rate and efficiency.'”"” "' To realize the coherent EET, the quan-
tum coherences should have a long enough lifetime to match the
time scale of EET. Recently, we have found that exciton-vibrational
coupling in the excitonic dimer can extend the coherence time sig-
nificantly in the APC trimer via the quantum phase synchronization
mechanism.”’ Explicitly, after photoexcitation, the anti-symmetric
resonant vibrational collective modes of the dimer are coupled to
the excitonic states of fast dephasing, leading to the fast energy dissi-
pation of the anti-symmetric vibrational collective modes, and the
decoupled symmetric collective modes of less energy dissipation
survive. Thus, quantum phase synchronization provides a mecha-
nism for the protection of exciton-vibrational coherences against
the environmental noises at room temperature.

PCe20 from Thermosynechococcus Vulcanus (T. vulcanus) is the
main light harvesting antenna in the PC rod, which is responsible
for light harvesting and EET to APC. The location of PCe in PBS,
together with the crystal structure of PCey, is shown in Figs. 1(a)
and 1(b). The EET pathways in PCs3 and PBS have been intensively
investigated by time-resolved optical spectroscopy.”’”” An ultrafast
energy transfer process at ~500 fs revealed by the transient absorp-
tion (TA) anisotropy experiment was attributed to EET from a84
to P84 located in adjacent monomers of PCey.” The EET lifetime
from B155 to 84 in a single monomer of PCes29 was estimated to be
50 ps by Debreczeny and Sauer under the FRET mechanism, " and
this process was determined to be around 17 ps in the latest experi-
ment inside PBS.” These lifetime constants were much longer than
those from subsequent TA experiments on PBS, in which the life-
time constants for energy flow along the PC rod were determined
to be around 1-10 ps and the energy equilibration among PCeo
hexamers completed within 3 ps.”” ****’ In addition, the overall
EET rate is faster in thermophilic cyanobacteria than that in other
species of cyanobacteria owing to the assistance of the linker pro-
teins in the former.”’ These findings suggest that the EET process
within the PCs20 monomer should be faster than the reported 50 ps.
Thus, an accurate experimental determination of the EET lifetime
in PCey is necessary. Moreover, whether the ultrafast EET process
is assisted by the exciton-vibrational coherence, that is, via coher-
ent energy transfer, also needs further exploration. PCey shares
a nearly identical structure of a84-p84 dimer with APC, includ-
ing the comparable intermolecular distance (21 A), the analogous
angles between transition dipoles (55°), as well as the same calcu-
lated intermolecular couplings (150 cm™).”"** Our recent work has
experimentally confirmed the exciton-vibrational coherence in the
a84-B84 dimer in APC.”” We noted that Beck et al. investigated
the electronic coherence between the two exitonic states of a84-p84
dimer in APC earlier in 1990s using various femtosecond time-
resolved spectroscopic methods, such as two-color pump-probe
anisotropy decay, stimulated photon-echo, and transient-grating
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experiments.” Exciton electronic structure and solvation dynam-
ics were thoroughly investigated, e.g., they observed a 10-30 fs decay
component that was assigned to the interference between Feyn-
man paths involving two exciton states, which has been recently
confirmed as the electronic dephasing time with two dimensional
electronic spectroscopy (2DES).”’ As to PCe, previous spectral
simulations indicated that the EET process in PCgy is in incoherent
form.”®?’ Therefore, whether the EET process in PCgy is incoherent
or coherent needs to be scrutinized by more sensitive spectroscopic
methods.

In this work, we revisited the EET kinetics and vibronic
effects within PCs using broadband 2DES, heterodyne-detected
transient grating (HD-TG), broadband TA (BBTA) spectroscopy,
and polarization-controlled 2DES at room temperature. 2DES
is a powerful experimental tool for monitoring the EET pro-
cess, intra- and intermolecular interactions, and energy dissipation
mechanisms.'’"*’ The projection of the spectra onto the excitation
frequency (w:) and emission frequency (w3) enables 2DES a better
spectral resolution for the congested conventional spectra. In addi-
tion, 2DES also boasts a high temporal resolution and a capability
for the detection of quantum coherences. The quantum coherence
beating signals in 2DES detection originate from the superposi-
tions of quantum states created by the ultrafast laser pulses with a
broad spectral bandwidth. Through performing Fourier transform
(FT) analysis of the oscillation signals over the waiting time (T),
the coherent frequencies can be extracted. We also utilized HD-
TG spectroscopy and BBTA spectroscopy, which require much less
acquisition time, to confirm the coherent signals.”‘“ However, even
for 2DES, when the spectral broadening and overlap are severe,
the cross-peaks in 2DES, a typical feature for energy transfer, are
obscured by the main diagonal peaks, leading to the failure in the
unambiguous identification of the EET process. To suppress the
interference from the spectral broadening of the diagonal peaks,
we eliminated the dominant population state signals, which are
the source of spectral overlap and broadening, and highlighted the
cross-peak features by using polarization-controlled 2DES reported
by Zigmantas and co-workers.”** By conducting experiments at
parallel polarization S = (0°, 0°, 0°, 0°) and perpendicular polar-
ization S; = (90°, 90°, 0°, 0°), the polarization-associated-spectra
(PAS) can be derived as follows:"**’

1 N
Sz==(S+2S.)|5—/——— +1]),
“ 3( I J-)( H+2$J_ )

1 SH—SL
Sy==(S+28. )[2-5——F
Y 3( I " l)( SH +25J_)

(1

Thus, the 2D spectrum is separated into two components, with par-
allel (Sz) and perpendicular (Sy) polarizations relative to the polar-
ization of the “pumped” transition. In Sy, the signals at cross-peaks
with large projection angles are notably enhanced, while the signals
from interactions with parallel transition dipole moments are sup-
pressed. This selective enhancement and suppression strategically
eliminate the predominant population state signals, thereby high-
lighting the cross-peaks indicative of EET. By utilizing polarization-
controlled 2DES, we directly measured the EET process from a84
to B84 with a lifetime of 400 fs and from P155 to 84 with a life-
time of 6.6 ps at the cross-peaks, which were also consolidated by
the ultrafast transient fluorescence experiment. These EET rates are
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FIG. 1. (a) Model for the phycobilisome, with hexametric PCgyq and trimeric PCg1 disks in the rods and APC disks in the core.*? (b) The x-ray structure of the PCgy trimer
with the p84 (blue), p155 (orange), and 84 (red) PCB pigments (PDB ID code 117Y). (c) Structure of the phycocyanobilin chromophores. The four pyrrole rings are labeled
A-D with the A ring linked to the phycobiliprotein structure by a cysteine (Cys) residue. (d) The absorption spectrum (blue) and the fluorescence spectrum (orange) of the
PCg20 hexamer at room temperature and the broadband spectral profile of the excitation laser pulses (shaded in gray). (e) Linear absorption spectra of 155 (orange), a84
(red), and (384 (blue) in monomeric PC at room temperature. Reprinted with permission from Debreczeny et al., J. Phys. Chem. 97, 9852 (1993). Copyright (1993) American
Chemical Society. The energy level diagram of the three pigments is plotted on the right.

faster than that predicted by the FRET mechanism and matched
better with the EET process in PBS. Meanwhile, distinct coher-
ent signals were observed in the kinetics and Fourier transform
yields the same coherence frequencies in 2DES, HD-TG, and BBTA.
Through comparing the FT coherence map patterns predicted by
theoretical models with those extracted from 2DES experiments,
and by conducting time-frequency analysis to obtain the lifetimes
of wavepackets from both excited-state and ground-state, we con-
firm that all the oscillatory signals originate from the pure vibra-
tional coherence of phycocyanobilin (PCB) pigments. In addition,
by exploring the solvation effect via nodal line slope analysis in
2DES, we find that PCg exhibits an ultrafast solvation response,
with vibrational modes actively engaged in the energy dissipation
process. Our results confirm the absence of exciton-vibrational cou-
pling states in the a84-f84 dimer and the EET process is dominated
by an incoherent mechanism.

Il. METHODS
A. Sample preparation

The extraction, isolation, and purification of PCes from
T. vulcanus are briefly described as follows. Cells of the T. vulcanus
(NIES-2134) were grown in the BG11 medium at 39 °C. After 15
days, fresh algal cells were collected by centrifugation at 6000 rpm

for 20 min at 4 °C, and then, the precipitates were treated by lig-
uid nitrogen grinding. Then, a 0.02M phosphate buffer solution (pH
6.9) was added to thaw algae cells at a mass to volume ratio of 1:10,
the sample was centrifuged at 4°C (12000 rpm, 30 min), and the
supernatant containing PCe was obtained. The blue supernatant
of PCgyo crude extract was treated with 20% (w/v) ammonium sul-
fate for initial precipitation of impurities, which can be removed by
centrifugation. In addition, most PCsy from the supernatant was
precipitated by further increasing ammonium sulfate to 50% (w/v).
A centrifuged deposit was dissolved in 0.02M phosphate buffer (pH
6.9) and was filtered through a cellulose acetate membrane (0.22
um) for subsequent fast protein liquid chromatography (FPLC)
purification. PCsy was further purified using an FPLC instrument
equipped with a Butyl-S Sepharose 6 Fast Flow column. Finally, ana-
Iytical grade PCgz (Abssz0/Abszgo = 5.3) was eluted with gradient
(NH4)2SO4. Following SDS-PAGE, Coomassie brilliant blue stain-
ing revealed two bands at 19 and 21 kDa, corresponding to a and
subunits (PDB 3018) (see Fig. S1 of the supplementary material).
The purified PCsy was frozen in liquid nitrogen and stored at
—80 °C prior to the experiments. For all experiments, the PCg pro-
teins were dissolved in a 750 mM phosphate buffer (pH 6.8) to an
optical density (OD) at the band maximum (620 nm) of 0.3-0.4 in
a 1-mm-thick fused silica cell. Absorption measurements before and
after the 2D experiments confirmed that the degradation is relatively
small and has a negligible impact on the subsequent data analysis.
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B. Spectroscopy

2DES is a form of photon echo spectroscopy involving three
identical pulses with a time sequence as T, T, and t. The first pulse
creates coherence between the ground states and excited states of the
system. After a coherence time interval T, the second pulse interacts
with the system, and the system evolves to populations of ground
states, populations of excited states, and coherence between dif-
ferent excited states. Then, the system undergoes a period of free
evolution during the waiting time T, until the arrival of the third
pulse. The third pulse reintroduces coherence between the ground
and excited states. After a time, t, the emitted signal is detected by
heterodyne interference with a local oscillator (LO). Fourier trans-
formation of the conjugates of T and t yields 2D data correlating
excitation (w;) and emission (w3) frequencies. It enables the detailed
monitoring of signal changes during T, providing a comprehen-
sive view of the system’s evolution. In addition, both electronic and
vibrational coherences within the molecular system, often mani-
fested as beating signals on the EET kinetics, can be thoroughly
investigated."”"*

The setup used for 2DES experiments has been described in
detail elsewhere,””’ while a brief description is given here. An
800 nm Ti:sapphire laser (Spitfire Ace, Spectra-Physics) at the 5 kHz
repetition rate was used to pump a home-built non-collinear optical
parametric amplifier (NOPA). The output pulses with a spectrum
centered at 620 nm were compressed to 7.3 fs (Fig. S2 of the
supplementary material) using a combination of a grating pair and
a fused silica prism pair. Then, the laser beam was split into four
phase-locked beams using two beam splitters (Layertec) constituting
the non-collinear BOXCARS 2DES setup. Three pulses were focused
on the sample to emit the third order 2DES signal, which was het-
erodyne detected by LO. Achromatic half-wave plates (Thorlabs)
were used to achieve an independent polarization control for each
beam. The polarization combinations involved in the 2DES exper-
iment were (0°, 0°, 0°, 0°) and (90°, 90°, 0°, 0°), respectively. The
coherence time (1) between the first two pulses was scanned by a
1.35 fs step from —54 to 54 fs. The waiting time (T) of 2DES was
scanned by an 8 fs step within a temporal region of 1.2 ps and then
scanned at uneven intervals to 200 ps. An excitation energy of 1.2
nJ per pulse was used for all measurements with the spot size (100
x 100 ym?) at the sample. The excitation energy density was ~15
)/cm?®. 2DES data were averaged five times in two independent
experiments to obtain a higher quality of coherent dynamics. Fourier
transform along T was performed from 80 fs to 1.2 ps to avoid the
overlapping pulse effect, and the actual frequency resolution along
wr was ~28 cm™ . After zero-padding, the wr resolution displayed
in all FT spectra was ~2 cm ™.

lll. RESULTS AND DISCUSSION
A. Excitation energy transfer

The schematic structure of the PBS in T. vulcanus is shown in
Fig. 1(a), with PC rods surrounding APC cores.”"”* Two hexamet-
ric PCe0, a trimeric PCe12, and various linker proteins compose a PC
rod. The PCey hexamer comprises two trimers arranged face to face,
which possess a threefold axis of symmetry. The three-dimensional
x-ray structure of the PCsyo trimer and the spatial distribution of
PCB pigments are shown in Fig. 1(b). Each monomer comprises
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three PCB pigments: a84 in the a-subunit and $155 and B84 in the
B-subunit. The a84 and 84 PCB pigments are located on the inner
areas, whereas f155 is located on the outer circumference of the
protein. The closest chromophores in the PCes hexamer, between
84 and a84 from adjacent monomers, are separated by a center-to-
center distance of only 21 A.”""” The closest pigments in a single
monomer, B84 and 155, are separated by 34 A, while 155 and
a84 are separated by 48 A" The structure of the PCB bilin is
shown in Fig. 1(c) with the detailed conformation shown in Fig.
S3 of the supplementary material, where the schematic presenta-
tion compares the dihedral angles between the pyrrole rings of A
to D in a84 and B84 for PCey and APC, respectively. The confor-
mation of a bilin is defined by the planes of its four pyrrole rings
and the dihedral angles between rings, where the chain of pyrrole
rings in a84 is more twisted for PCey than that for APC, while the
chain of pyrrole rings in f84 is quite similar for both the PCeo
and the APC. It has been confirmed that the bilin conformation
has a significant impact on its spectral properties in our previous
investigation of PBS.” The structural differences of bilins in PCez
and APC thereby would account for a tendency toward localized
electronic states in PCeso and delocalized electronic states across
the dimeric pigments in APC. Womick also suggested the differ-
ent conformation of a84 between APC and PCsy might give rise
to the exciton electronic structure in APC but not in PCegp. "’
Our circular dichroism (CD) spectrum shown in Fig. S4 of the
supplementary material indicates localized states in PCsy, since
there is no excitonic splitting in the CD spectrum expected from
the electronic interaction between the adjacent a84 and 84 PCB
pair. The absorption and fluorescence spectra of PCsjo are shown
in Fig. 1(d) (blue and orange lines) and can be covered by the broad-
band spectra of the excitation pulses for the 2DES measurement [the
shaded area in Fig. 1(d)]. The different conformations and different
protein environments of the PCB assembly ($155, 84, and a84) ren-
der the individual PCB pigments with different spectral properties.
Debreczeny et al. showed that in the PCgo monomer, the maxi-
mum absorption of the 155 and B84 cofactors’ individual spectra
fell between 600 and 602 nm and between 628 and 630 nm, respec-
tively, and the a84 cofactor’s absorption maximum was 624 nm, as
shown in Fig. 1(e).”

51,5

1. Conventional 2DES measurement

First, we employed 2DES to investigate the ultrafast EET pro-
cess among the pigments in the PCe hexamer. The representa-
tive 2D spectra at all parallel polarization (S)) recorded at around
T = 40 fs, 200 fs, 2, and 20 ps are plotted in Fig. 2(a). Ground-state
bleaching (GSB, positive signal) and stimulated emission (SE, pos-
itive signal) of PCB pigments give rise to a broad and elongated
line shape along the diagonal. A similar phenomenon of diagonal
elongation has also been observed in other PBS complex.”” The
broad spectral profile is attributed to the spectral broadening and
overlap of the three PCB pigments as shown in Fig. 1(e). Excited-
state absorption (ESA) of PCB pigments contributes to the negative
signals below the diagonal. Typically, cross-peaks in 2DES signify
either the occurrence of the EET process or exciton coupling. Our
CD spectrum (Fig. S4 of the supplementary material) excludes the
exciton coupling in PCgo; thus, these cross-peaks only originate
from the EET process. Monitoring the evolution of the magni-
tudes helps track excitation and relaxation pathways. Figure 2(b)
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FIG. 2. (a) Pure absorptive 2D maps (S)|) of PCgy recorded at the waiting times of T = 40 fs, 200 fs, 2, and 20 ps with dashed lines indicating the excitonic energy levels.

(b) The energy transfer kinetics (raw data in dots and single exponential fitting results in line) from 40 fs to 1.2 ps at the cross-peak (16675, 15750 cm=") and (16 025,
15750 cm~") corresponding to the EET process from $155 to 84 and from a84 to 84, respectively. The color in the legend of (b) corresponds to the positions of peaks

that are marked with squares with the same color in (a).

shows the kinetics at cross-peaks (16675, 15750 cm™') and (16
025, 15750 cm_l), which correspond to the EET process from a84
to f84 and from P155 to (84, respectively. We noted that these
two kinetics at the cross-peaks all exhibit decay features instead of
rising kinetics expected for the EET process; the reason for these
unexpected results could be that the spectral broadening of the
diagonal peaks overlaps and dominates the cross-peaks, leading
to that the stronger population relaxation signals at the diagonal
peaks obscure the weaker growing signals at the cross-peaks. Thus,
the raw data of cross-peaks kinetics cannot reflect the true EET
process.

To resolve the EET process from the raw data, we followed
the general procedure for global analysis of the time-resolved 2D
data from 40 fs to 200 ps.”” From the three-exponential fitting of
the 2D spectra, 2D decay-associated spectra (DAS) with lifetime
constants of 447 fs, 8, and 54 ps, and a non-decay background
indicated as “infinity,” were obtained (Fig. S5 of the supplementary
material). However, owing to the spectral broadening and the inter-
ference between the positive GSB and SE signals, and the negative
ESA signals, assignment of the DAS to the individual pigments
was impossible, hence the corresponding EET process. Then, we
turned to analyze the extracted sliced spectra (T, w3) with excita-
tion frequencies selected for the individual pigments at w; = 16 675,
16025, and 15875 cm™! from 2DES data as shown in Fig. S6 of the
supplementary material. These selected excitation frequencies corre-
spond to the maximum absorption of $155, a84, and 84. Although
their absorption spectra are still partially overlapped, the weight
of the excited-state population can be different. Then, we applied
global analysis to these 1D spectra. The DAS for those 1D spectra at
three different excitation wavelengths obtained by four-exponential

fitting are plotted in the left panels of Figs. 3(b)-3(d). According to
previous research, the EET processes in PCsy0 mainly occur from
a84 to f84 and from B155 to $84.°° Based on the EET model with
lifetime constants from global analysis as schematically shown in
Fig. 3(a), the species-associated spectra (SAS) and the corresponding
SAS-associated kinetics could be resolved. The SAS and the corre-
sponding kinetics at the excitation frequency w; = 16675 cm™" are
shown in Fig. 3(b), which mainly excite f155. Based on the absorp-
tion peaks in SAS in comparison with those of 155, a84, and 84 in
the steady-state absorption spectra shown in Fig. 1(e), the SAS com-
ponent of 480 fs decay is similar to the absorption spectrum of a84
and can be assigned to the EET from a84 to $84. The SAS compo-
nent of 8.6 ps decay is similar to the absorption spectrum of 3155
and has a larger amplitude than the 480 fs component owing to a
larger absorption coefficient of p155 than that of a84 at the excita-
tion wavelength and is assigned to the EET from 155 to $84. The
SAS of the 60 ps decay component and that of the fixed 3 ns rising
component have similar spectral features, i.e., their positive signals
only cover the absorptive spectrum of 84. Thus, the 60 ps decay
component and the fixed 3 ns rising component are attributed to a
faster and a slower relaxation process of the excited states of 84,
respectively. In addition, the SAS and the corresponding kinetics at
the excitation frequency of w; = 16025 cm™' mainly exciting a84
are plotted in Fig. 3(c). Accordingly, the 460 fs decay component is
assigned to EET from a84 to adjacent p84, while the 8 ps decay com-
ponent is assigned to that from 155 to p84 and the 57 ps together
with the fixed 3 ns component to the excited-state relaxation of 384.
The SAS and the corresponding kinetics at excitation frequency w:
= 15875 cm ™" are plotted in Fig. 3(d), which give rise to three decay
components of 400 fs, 7.6, and 58 ps. The assignment of the EET
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FIG. 3. (a) The EET model for global analysis. Global analysis of spectral evolution at typical excitation frequencies of 16 675 cm=" (b), 16 025 cm~" (c), and 15875 cm~"
(d). Decay-associated spectra (DAS) (left panels) are obtained from a four-exponential fit of the sliced spectra from 40 fs to 200 ps. The species-associated emission spectra
(SAS) (middle panels) and the corresponding kinetics (right panels) are resolved based on the DAS and the EET model. The corresponding lifetime constants are displayed

in the upper-right corner in each panel.

processes is the same as those excited at 16 675 and 16025 cm™. In
addition, we also tried to resolve the EET from B155 to a84 with a
larger separation of 48 A. As detailed in S6 of the supplementary
material, according to the FRET mechanism,”

kerer(r) = %(5)6> (2)

r

where 7p is the decay time of the donor in the absence of the accep-
tor, R is the Forster distance, and r is the distance between the donor
and the acceptor, the EET lifetime constant is estimated to be 66 ps
based on the distance between 155 and a84 with reference to the
EET time constants for a84-p84 and p155-p84 pigment pairs and
their separation distances. The fitting of the excited-state popula-
tion decay kinetics for p155 at the peak (16675, 16675 cm™") in
2DES reveals three lifetime constants of the excited-state relaxation
of B155, i.e., 905 fs, 8.8, and 66.7 ps (Fig. S7 and Table S1 of the
supplementary material). The 905 fs component can be assigned to
the protein-matrix solvation dynamics,””” while 8.8 ps is assigned

to EET from P155 to 384 and 66.7 ps is assigned to EET from 155
to a84. This is in good agreement with the estimated value of 66 ps
from FRET theory.

2. Polarization-controlled broadband 2DES

Then, to directly measure the EET process from the signals
at cross-peaks by the elimination of spectral broadening effect, we
conducted polarization-controlled broadband 2DES on PCsy. 2D
spectra at perpendicular polarization (S,) shown in Fig. S8 of the
supplementary material show a similar signal distribution to S,
with major differences being the increment in signal intensity at
cross-peaks at a longer waiting time. As depicted in Fig. S9 of
the supplementary material, the signal intensity in S, at (16 675,
15750 cm™') increases from 0 fs to 10 ps and the signal intensity
at (16025, 15750 cm™') increases from 0 fs to 5 ps. We obtained
polarization-associated-spectra (PAS) using Eq. (1). The represen-
tative Sy maps at T = 40 fs, 200 fs, 2, and 20 ps are displayed in
Fig. 4(a), with the corresponding S; maps shown in Fig. S10 of
the supplementary material. The spectra of Sz nearly keep the same
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FIG. 4. (a) Polarization associated spectra (Sy) recorded at the waiting times of T = 40 fs, 200 fs, 2 ps, and 20 ps with dashed lines indicating the excitonic energy levels. (b)
The energy transfer kinetics from 40 fs to 20 ps at the cross-peaks in Sy after intensity normalization. The global fits (lines) with a two-exponential fitting (including a non-decay
component) f(t) = Z,?=1Ai exp (—t/7;) are superimposed on the raw data (dots), where T is lifetime constant and A is the corresponding coefficient. The parameters are
listed in Table |. The blue dots and line indicate the data for (16 675, 15750 cm~"), while the orange dots and line indicate the data for (16 025, 15750 cm="), corresponding

to the positions of peaks marked with squares with the same color in (a).

characteristics with that of S| due to the severe spectral broadening.
In contrast, the spectral congestion in Sy is significantly suppressed,
with signals predominantly distributed at cross-peaks, indicating a
clearer feature of the EET process. As depicted in Fig. 4(b), the sig-
nal intensities at cross-peaks grow gradually over time, reaching its
maximum at around 20 ps and beginning to decay after around 25 ps
(Fig. S11 of the supplementary material). Lifetime analysis of the
two cross-peaks at (16675, 15750 cm™") and (16 025, 15750 cm™")
by two-exponential fitting (Table I) yields two lifetime constants of
550 fs, 6.6 ps and 350 fs, 6.2 ps, respectively, which reflect the life-
time of the EET process. Based on the distance of the inter-pigment
spacing, we attribute the ultrafast 300-500 fs component to the EET
process from a84 to the adjacent (84, while the 6.6 ps component
corresponds to the EET process within the monomer from $155 to
(84. The latter significantly differs from previous estimated results
(50 ps””") but more closely matches the rapid energy flow and
equilibration observed in the PC rod (1-10 ps**"). Obviously, the
direct measured EET processes with time constants of 300-500 fs
and 6.6 ps by polarization-controlled broadband 2DES agree with
those by global fitting analysis of sliced 1D spectra from 2DES at
selected excitation wavelengths for individual B155, a84, and [84.
Furthermore, these EET rates are also consolidated by the femtosec-
ond broadband transient fluorescence experiment, as detailed in S9
of the supplementary material.

B. Vibrational coherences

Apart from the EET Kkinetics, pronounced oscillatory features
especially within the first 1 ps time window were observed, as
depicted in Fig. 2(b). These oscillatory signals arise from the evo-
lution of wavepackets initially excited by the broadband pulses and

TABLE |. Parameters in the global fits of the kinetics at cross-peaks (16675,
15750 cm~") and (16 025, 15750 cm~") in Sy. The third lifetime is set as infinity.

Ay 71 (fs) A, 73 (ps)
(16675,15750) -0.21+0.03 550+150 —0.33+0.03 6.6+2.1
(16025,15750) —0.27+0.03 350+85 -0.37+0.03 62+1.7

display considerable intensity, exceeding 10% of the population
signals. Through subtracting the population relaxation via multi-
exponential global fitting of the 2D spectra, the oscillatory residues
were obtained and then Fourier transformed with respect to T to
determine the coherence frequency. The amplitude distribution of
each coherence frequency, as a function of excitation and detection
frequencies, makes up the FT coherence maps. The FT frequencies
of the real rephasing signals are labeled as wr, and the integrated
FT spectrum from 80 fs to 1.2 ps over w; and w3 is shown in
Fig. 5(a), top panel. The peak frequencies (wr = 210, 271, 468, 505,
666, 806, 873, 1048, 1234, 1378, 1574, and 1643 cm™') are consis-
tent with those vibrational modes when compared to the known
vibrational modes of the PC rod measured via difference fluores-
cence line-narrowing (AFLN) experiments, as well as the Raman
spectra of PCB pigment.”*”" Although there are slight discrepancies
between frequencies observed in ultrafast transient experiments and
those from vibrational spectroscopy, these differences fall within the
experimental resolution of 28 cm™'. The complex-valued residues
are obtained by simultaneously subtracting the population decay
from both the real and imaginary parts of 2D spectra. Applying
FT to the complex-valued residues yields FT coherence maps with
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FIG. 5. (a) The integrated coherence spectra from 2D rephasing spectra from 80 fs to 1.2 ps. (b) Schematic diagrams of rephasing FT maps for vibrational coherence in the
displaced harmonic oscillator system, where weq is the S-Sy transition energy and v is the coherent vibrational mode. (c) and (d) Real-value and complex-value rephasing
Fourier transform coherence maps for the oscillation frequencies of 271 and 666 cm~", respectively. The vertical/horizontal line indicates the 0-0 transition of PCgy at
15650 cm~". The dashed lines parallel to the diagonal are offset from the diagonal by +wr and +2wr.

positive and negative frequencies, +wr and —wr. The integrated
FT spectra are shown in Fig. 5(a), middle and bottom panels. The
better S/N and higher intensity of +wr than —wr is because that
there are more Liouville paths contributing to the positive frequen-
cies.”” In addition, according to the Feynman diagram, the positive
and negative frequencies mainly originate from the ground and
excited states, respectively.”” A detailed comparison between +wr
and —wr in Fig. S14 and Table S4 of the supplementary material
reveals that the frequencies of most excited-state vibrational modes
have a red shift relative to those of the ground state. Similar phe-
nomena have been observed in the excited states of some dye
molecules. "'

Here, we mainly focus on the FT coherence maps of vibra-
tional modes at 271 and 666 cm ™. The corresponding FT coherence

maps are shown in Figs. 5(c) and 5(d). The real-value FT coher-
ence maps are plotted in the left panels, and the complex-value
FT coherence maps are plotted in the middle and right panels.
Both FT coherence maps of —271 and —666 cm™" exhibit a broaden
peak covering the diagonal peak and upper cross-peak. In the FT
coherence maps of wr = +271 and +666 cm™!, a broaden peak
is observed at the lower cross-peak. The lifetime of the vibra-
tional wavepackets contributing to these two peaks can be estimated
using the time-frequency transform (TFT) method based on the
smoothed-pseudo-Wigner-Ville (SPWV) distribution.®* TFT anal-
ysis is capable of extracting the main frequency components and
their time behavior simultaneously. The results of TFT analysis rep-
resented in Fig. S16 of the supplementary material show the similar
dephasing time of 200-300 fs for the mode at 271 cm™ from the
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ground state and excited state, as well as the similar dephasing time
of 400-500 fs for the mode at 666 cm™".

Previous theoretical studies and experiments have shown that
FT coherence maps are effective tools for distinguishing electronic,
vibrational, and exciton-vibrational coherences.”"’ Pure electronic
coherence in the electronic dimer model mainly distributes on the
symmetric off-diagonal peaks. However, it usually survives for less
than 100 fs at ambient temperature.“' 1 Thus, it is excluded in PCg
because we do not observe any large-amplitude coherent compo-
nent decaying that fast as shown in Fig. 2(b). The pure vibrational
coherence in a displaced harmonic oscillator (DHO) system exhibits
a chair pattern as shown in Fig. 5(b), with four positive peaks from
the excited and ground states forming a square pattern at the lower
cross-peak and two negative peaks from the excited states locate on
the diagonal peak and the upper cross-peak separated by an energy
spacing of wr.” In our case, FT coherence maps of 271 cm™ com-
ply with the pattern predicted in the DHO model, as shown in
Fig. 5(c). Peak A and peak B display approximately equal amplitudes,
although the anticipated four peaks in the lower cross-peak and
the two peaks in the upper cross-peak merge into a single broaden
peak, respectively, due to spectral broadening and the narrow energy
gap. This pattern suggests that the mode at 271 cm™" originates
from the pure vibrational coherence, as the FT coherence maps
of exciton-vibrational coherence exhibit an asymmetric amplitude
enhancement of the lower cross-peak.”” The FT coherence maps
of 666 cm™! also manifest as two broaden peaks, one at the lower
cross-peak and the other on the upper cross-peak, similar to that
of 271 cm™". However, the lower cross-peak amplitude, denoted as
peak C in Fig. 5(d), is ~threefold larger than that of peak D. We
suggest that the amplitude enhancement of the lower cross-peak
can be attributed to the predominance of ground-state coherence
under excitation conditions. The coherence map node lines at the
diagonal peak, which separate the signals above and below the diag-
onal in the real-value FT coherence maps [left panels of Figs. 5(c)
and 5(d)], arise from the destructive interference between overlap-
ping GSB and SE Liouville pathways. The node line separates the
vibronic modes at the excited states from the pure vibrational modes
at the ground states.” If there exists resonant exciton-vibrational
coupling, the vibronic modes will undergo fast dephasing of the
wavepackets,' ”*° leading to the disappearance of the real-value FT
coherence map node line. Therefore, the appearance of the node line,
together with the similar lifetime of the ground-state and excited-
state wavepackets revealed by TFT analysis, is the indicator for the
absence of the exciton-vibrational coupling in PCs. The FT coher-
ence maps and the lifetime analysis of other vibrational modes are
shown in Figs. S15 and S16 of the supplementary material. All the
FT maps show similar characteristics as those in the FT coherence
maps of 271 and 666 cm™'. Our results suggest that all the vibra-
tional modes originate from the vibrational coherence and exclude
the exciton-vibrational coupling between the adjacent a84 and 84
pigment pair.

To confirm the coherent signals, we conducted the HD-TG
experiment using the same experimental setup with that of 2DES
except for fixing the time delay between the first two pulses as
0. The residues of HD-TG are shown in Fig. 6(a), which reveal
obvious oscillatory signals. Figure 6(b) represents the distribu-
tion of the vibrational modes along w3 (upper panel) as well as
the integrated FT spectrum over w3 (lower panel). The FT spec-
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FIG. 6. (a) The residue spectra of HD-TG after subtracting the population decay
by global fitting. The detected coherent dynamics are in the range of 40 fs—1.6 ps
against the emission frequency w;. (b) Corresponding FT map of (a) from 80 fs to
1.6 ps (top), the coherence spectrum integrated along w3 (bottom).

trum of HD-TG at perpendicular polarization (see Fig. S17 of the
supplementary material) reveals nearly the same coherent signals
as those at parallel polarization. In addition, the BBTA exper-
iment was also conducted and revealed an identical coherence
spectrum (Fig. S18 of the supplementary material). Both HD-TG
and BBTA detect the same impulsive Raman modes as those in
2DES, while these two spectroscopic methods help confirm those
weak oscillatory signals in 2DES with a significantly shorter acqui-
sition time and a higher S/N; however, these two methods cannot
distinguish the excited-state vibrational frequencies from those of
the ground state.

C. Solvation dynamics

The solvation response of protein-chromophore systems is of
particular interest because the system-bath interaction has a sig-
nificant impact on EET process.”””* The solvation dynamics of
PCez0 and its a-subunit have been investigated using transient hole-
burning experiments by Beck et al., revealing a red shift of the signals
within 50 fs and a line broadening of the GSB and SE holes at around
200 fs, which were attributed to protein-matrix solvation dynam-
ics and intramolecular vibrational redistribution.””*”’’ Here, we aim
to analyze the solvation response with a higher time resolution. As
shown in Fig. 2(a), variations in peak shapes in 2DES at different
T reflect the evolution of the system. As we discussed before, the
changes in peak intensities and positions are related to the EET
process of the system, while the changes in line shapes reflect the
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coherence spectra.

interaction between the system and the environment, which can
also be quantitatively analyzed in 2DES. The commonly used meth-
ods to extract solvation dynamics from 2DES include nodal line
slope (NLS), dynamical Stokes shift, central line slope (CLS), and
contour eccentricity.u‘Tl * These measurements are equivalent to
the frequency fluctuation correlation function (FFCF) within the
framework of linear response.*”

The nodal line [gray line in Fig. 7(a)] demarcates the bound-
ary between the positive and negative peaks, and the fitted NLS
is shown as the pink line in Fig. 7(a). Nodal line dynamics serves
as a marker for assessing the degree of the inhomogeneity due to
spectral diffusion, thereby providing insights into the solvation time
scales. Figure 7(b) shows the evolution of NLS over time within
the excitation wavelength range of 15700 to 17250 cm™", the main
signal distribution area. NLS undergoes rapid changes within just
16 fs, totally in the laser pulse overlapping temporal region. This
phenomenon indicates that the system’s inertial solvation response
completes within 16 fs. Single-exponential fitting applied to NLS
dynamics spanning from 16 fs to 1.6 ps yields a solvation lifetime
of ~900 fs, corresponding to the diffusive solvation response. After
subtracting population dynamics, significant oscillatory signals are
unveiled in the residuals. Through performing FT of the residue of
NLS(t) from 16 to 1200 fs, a series of vibrational modes are identi-
fied [Fig. 7(c), top]. Comparing with the FT frequencies extracted
from the real part of the pure absorptive 2D signals along T, we
find that the FT frequencies in NLS and pure absorptive 2D signals
are essentially the same, except for minor discrepancies in relative
intensity.

The spectral diffusion process is fundamentally linked to the
system’s energy relaxation and interaction with environment. The
energy relaxation of excited states is attributed to the intramolecu-
lar and intermolecular interactions and solvent reorganization. The
system is initially excited to vibronic states, subsequently undergo-
ing a vibrational relaxation process whereby energy is dissipated
to the surrounding bath through the vibrational cooling mech-
anism. Meanwhile, solvent molecules undergo rearrangement in
response to the charge redistribution triggered by the excitation of
the system. Although it is still under debate whether the proteins

or the solvent molecules dominate the solvation response, it has
been experimentally confirmed that reorganization energy, scaffold
proteins, and solvent molecules are closely related to the rate of sol-
vation response.”” In our case, we observe an extremely fast inertial
response. It is mainly attributed to the inertial response of the solvent
molecules because of smaller inertial moments. The large reorga-
nization energy of the pigments in PCg, which indicates a strong
solvation capacity, also contributes to the inertial response.”® The-
oretical simulations and certain experiments have also confirmed
that PCey has a faster solvation process than APC."”* We sug-
gest that it can be attributed to the more distorted configuration of
a84 and P155 located on the outer circumference in PCg, which
assist substantial access of water to where the pigments are bound
and further induce a stronger system-bath interaction. The effects
of system-bath interaction and those of inter-pigment coupling are
largely in competition. Thus, the strong system-bath interaction
facilitates the dephasing of the coherence. This aligns with the rapid
dephasing rate of the vibrational modes, with lifetimes ranging from
around 100 fs to 500 fs, as listed in Table S5 of the supplementary
material. These rates in PCsyo are almost twice as fast as those in
other algae light-harvesting proteins comprising PCB pigments such
as PC577 and PC630.”* Ultrafast energy dissipation via vibrational
modes can be detected by the FT spectra of NLS and dynamical
Stokes shift. We observed nearly all the vibrational modes appear-
ing in the NLS [Fig. 7(c), top] and dynamical Stokes shift spectra
probed at w; = 15850 cm™ (Fig. S19 of the supplementary material),
as those in the 2DES coherence spectrum [Fig. 7(c), bottom]. These
oscillations originate from the coherent coupling of vibrational
modes to electronic states as a wavepacket and are assigned to
intramolecular vibrational modes of PCs. According to our pre-
vious research, the resonant delocalized collective modes coupled
to the exciton do not participate in the energy dissipation process
due to quantum phase synchronization.”’ Therefore, the above phe-
nomenon confirms the absence of exciton-vibrational coherence
in PCe29, which also supports that the EET in PCgy is incoher-
ent. In addition, through fitting the dynamical Stokes shift with a
damped sine function, the coherence lifetime in the energy dissi-
pation process is estimated to be around 200 fs (Table S6 of the
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supplementary material), much shorter than that observed in APC
(500 fs), indicating a fast dephasing of the wavepacket without a pro-
tection effect by the quantum phase synchronization mechanism in
the excitonic dimer.”’

IV. CONCLUSION

We have investigated EET kinetics and vibronic effects in PCg2
via 2DES at room temperature. With the global analysis of the 2DES
data, we assigned the 460 fs decay component to the EET process
from a84 to the adjacent 384, an 8.6 ps component from p155 to
84 and a 66 ps component from 155 to a84, respectively. When
using polarization-controlled 2DES, the spectral broadening effect at
the diagonal peaks in conventional 2DES is suppressed to highlight
the EET signals at the cross-peaks. Thus, two EET components with
lifetime constants of ~300-500 fs and 6.6 ps were directly resolved
and assigned to EET from a84 to the adjacent $84 and from 155 to
(384, respectively. These EET rates fully agree with those predicted
by the FRET mechanism, while the CD spectrum also confirmed
the absence of excitonic dimer in the adjacent a84-p84 pigment
pair in PCqgjo. These preclude the possibility of delocalized coherent
EET mechanism in PCgj, in contrast to that in APC. Beating sig-
nals in the kinetics are clearly distinguished as vibrational coherence
via the FT coherence map pattern. By analyzing the FT spectra of
NLS and dynamical Stokes shift, we showed that all the vibrational
modes participate in the energy dissipation of the excited states,
which again excluded the existence of the exciton-vibrational coher-
ence. The twisted conformation of a84 is suggested to be responsible
for the localized electronic states in PCy30, which are different from
the delocalized states in APC. These findings unambiguously indi-
cate that the incoherent EET mechanism plays a dominant role in
PCe. Our study provides insights into the incoherent photosyn-
thetic mechanism and lays a foundation for future study on the
highly efficient EET processes in the whole PBS.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional sample prepa-
ration analysis, pulse characterization, x-ray structure of pigments
in PCsy and APC, circular dichroism spectrum, global analysis,
polarization-controlled 2DES, transient fluorescence experiment,
FT spectra, FT coherence maps, time-frequency analysis, nodal line
slope, and dynamics Stokes shift.
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