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To gain a deeper under-
standing of the highly effi-
cient mechanisms within
the photosynthetic bacteri-
al reaction center (BRC),
we have employed fem-
tosecond broadband fluo-
rescence spectroscopy to in-
vestigate the dynamics of
initial photo-induced ener-
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temperature. Benefiting from the broadband spectral coverage inherent of this technique, two
distinct transient emission species associated with bacteriochlorophylls B and P are directly
identified, with Stokes shifts determined to be ~197 and 450 cmfl, respectively. The ultrafast
energy transfers from bacteriopheophytin H to B (98 fs) and from B to P (170 fs) are unveiled
through fitting the emission dynamics. Notably, the anticipated sub-200 fs lifetime of B emis-
sion significantly extends to ~400 fs, suggesting a plausible coupling between the electronic
excited state of B and the vibronic states of P, potentially influencing the acceleration of the
energy transfer process. These findings should pave the way for understanding the impact of
vibronic dynamics on the photo-induced primary processes in the photosynthetic reaction
center.
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I. INTRODUCTION

The photosynthetic bacterial reaction center (BRC)

fPart of Special Topic “Ultrafast Spectroscopy focused on Ultra-
fast Dynamics and Molecular Structures”.
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efficiently converts solar energy into chemical potential
energy with near-unity quantum efficiency, making it a
crucial model for designing high-conversion artificial
light-harvesting systems [1]. This pigment-protein com-
plex consists of three trans-membrane polypeptides,
namely L, M, and H, encasing ten pigment cofactors or-
ganized in two branches with pseudo-twofold symme-
try (see FIG. 1(a)) [2—-5]. The central pair, known as the
“gspecial pair” (P), formed by strongly coupled bacteri-

ochlorophyll-a molecules on the periplasm side, serves
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FIG. 1 (a) Structure of the Rps. BRC, in which the pigments on A and B branches are labeled. Specifically, P denotes a
pair of strongly coupled bacteriochlorophyll-a, Bo and Bp represent bacteriochlorophyll-a, Hy and Hp denote bacteriopheo-
phytin-a, and Qa and Qp stand for quinones. (b) The steady-state absorption spectrum of the Rps. BRC with the removal
of quinones. The absorption bands at 758 nm and 804 nm are attributed to the Qy electronic transitions of Hy/Hp and
Ba/BB, respectively. The split lower exciton state P_ predominantly contributes to the absorption band at 865 nm, where-
as the upper exciton state appears at approximately 814 nm with a smaller oscillator strength.

as the key initiator of primary processes within the
BRC. It initiates trans-membrane electron transfer to
its accessory monomeric bacteriochlorophyll-a (Ba) and
bacteriopheophytin-a (Ha) along the functional side,
triggering subsequent charge separation events [6—10].
Exciting the special pair P can occur through rapid en-
ergy transfer from antenna pigments or direct photon
absorption [11, 12]. The initial photo-induced energy
transfer and charge separation dynamics of BRC have
garnered significant experimental attention over the
past three decades.

Martin and Breton pioneered experiments selective-
ly exciting the red absorption region of P using fem-
tosecond transient absorption technique [13]. They de-
termined the charge separation rate of P* — PTHp™ —
PTQA™ to be 2.8 ps and 200 ps. The identification of the
intermediate charge separation state PTBa~ has pro-
voked debate due to challenges in resolving its spectral
features [14—16]. With the improved temporal resolu-
tion and sensitivity, Zinth et al. successfully detected
the short-lived transient component of PTBA~, decay-
ing to PTHA ™ in 0.9 ps [12]. Brederode et al. revealed
that excitation of B can prompt charge separation ei-
ther through energy transfer to P* or direct depopula-
tion to PTB~ [17, 18]. However, disentangling the en-
ergy and electron transfer timescales in the transient
absorption (TA) spectrum remains challenging due to
concurrent ground state bleaching, stimulated emission,
and electrochromic band shift [19, 20]. To overcome
these challenges, transient fluorescence (TF) technique
was employed to directly probe the concerned excited
state of specific pigments. Boxer’s group, for example,
conducted femtosecond up-conversion fluorescence
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measurements, comparing the rising edge of fluores-
cence from P* through selective excitation of different
chromophores, quantitatively extracting energy trans-
fer rates between pigments [21]. However, due to limita-
tions posed by the narrow-band phase-matching condi-
tion of the up-conversion method, simultaneous mea-
surement of the TF spectra of the entire BRC complex
after photoexcitation remains unattainable. Conse-
quently, a need persists for broadband TF spectral col-
lection of the BRC with femtosecond time resolution to
foster a deeper understanding of the high quantum effi-
ciency mechanisms within BRC.

This work utilized the fluorescence non-collinear op-
tical parametric amplification (FNOPA) spectrometer
to explore the initial photo-induced energy transfer and
charge separation dynamics within the BRC at room
temperature. Leveraging the state-of-the-art FNOPA
technique, we concurrently gathered broadband TF
spectra covering the entire emission spectra of B and P
in the BRC, achieving a sub-100 fs time resolution. This
approach facilitated the direct identification of tran-
sient emission species associated with bacteriochloro-
phylls B and P and the clear revelation of time con-
stants linked to energy transfer and charge separation
dynamics. Additionally, the prolonged lifetime of B
emission observed suggests a potential coupling be-
tween the electronic excited state of B and the vibronic
states of P.

1. MATERIALS AND METHODS

A. Sample preparation

The BRC measured in this work was extracted from
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the purple bacteria Rhodopseudomonas (Rps.) Viridis
and dissolved in a buffer solution. Rhodopseudomonas
spheroids strain 2.4.1 was grown under semi-anaerobic
conditions in light, following previously outlined proce-
dures [22]. The extraction method for BRC was adapt-
ed with guidance from Prince et al. [23]. Initially, cells
were harvested via centrifugation at 5000 g for 10 min,
washed, and suspended in 100 mmol/L sodium phos-
phate (pH 7.4) (buffer A). Subsequently, the cells un-
derwent disruption at 1000 bar using a high-pressure
cell crusher (JNBIO JN-2.5, China) followed by cen-
trifugation at 12000 g for 0.5 h to eliminate debris and
retrieve the supernatant. Ultracentrifugation at
225000 g for 90 min facilitated the pelleting of chro-
matophores from the supernatant.

These chromatophores were homogenized in buffer A
supplemented with 0.15% dimethyldodecylamine N-ox-
ide (LDAO) (Sigma, USA) and gently stirred at room
temperature for 2 h. Subsequently, centrifugation at
225000 g for 60 min at 4 °C was carried out to gather
the precipitate, a process repeated once. The resulting
precipitate was re-suspended in buffer A containing 1%
LDAO and 10 mmol/L Na-ascorbate, stirred in the
dark at room temperature for 2 h, and then centrifuged
at 25000 g for 120 min to obtain crude BRCs. Overnight
dialysis using 20 mmol/L Tris-HCI buffer (pH 8.0) with
0.1% LDAO (buffer B) facilitated further purification.

The subsequent purification involved a 5 mL DEAE
column (HiTrap DEAE FF, cytiva, USA), initially
washing the column with buffer B and loading the crude
BRCs onto it. Following this, a wash with buffer B con-
taining 75 mmol /L NaCl and elution with buffer B con-
taining 200 mmol/L NaCl extracted the BRCs. Addi-
tional dialysis with buffer B overnight at 4 °C ensued.
Lastly, the BRCs were subjected to cyclic elution on a
DEAE column with buffer B containing 4% LDAO and
10 mmol/L o-phenanthroline for 6 h to remove quinone,
yielding quinone-free BRCs in buffer B containing
200 mmol/L NaCl.

B. Femtosecond TA and broadband TF spectroscopy

The steady-state absorption spectrum was obtained
using a custom-built spectrophotometer. For femtosec-
ond TA measurements, the HARPIA-TA spectroscopy
system (HARPIA, Light Conversion) was employed.
The femtosecond laser (PHAROS, Light conversion)
centered at 1030 nm with a pulse repetition rate of
100 kHz and a pulse width of 190 fs drives an optical
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parametric amplifier (ORPHEUS-HP, Light Conver-
sion), producing tunable pump pulses in the visible
range. The pulse energy before the sample was attenu-
ated to 40 nJ. Additionally, a fraction of the 1030 nm
laser was focused into a 1 mm thick sapphire crystal,
generating supercontinuum white light spanning from
500 nm to 1000 nm as the probe pulses. The relative
time delays between the pump and probe pulses were
modulated by a mechanical delay stage.

Femtosecond broadband TF measurements were
conducted using a custom-built FNOPA spectrometer,
previously detailed elsewhere [24—29]. Briefly, the setup
involved a Ti:sapphire femtosecond amplifier (Spitfire
Ace, Spectra Physics) generating laser pulses centered
at 800 nm, with a pulse repetition rate of 5 kHz and a
pulse width of 70 fs. A portion of this laser drove an op-
tical parametric amplifier (TOPAS, Spectra Physics)
for tunable excitation pulses. Simultaneously, the re-
maining laser output underwent frequency-doubling to
produce a 400 nm laser via a 2 mm thick B-barium bo-
rate (BBO) crystal, serving as the FNOPA pump puls-
es. The energy of the excitation pulses was attenuated
to 45 nJ using a neutral density filter. The emitted fluo-
rescence from the BRC sample was collected and fo-
cused into a 1 mm thick BBO crystal (cut at 6=232°,
a=0°), and then gated by the 400 nm pump. The am-
plified fluorescence was gathered using an achromatic
lens and coupled into an optical fiber connected to the
spectrometer. By adjusting the time delay between the
pump and excitation pulses, the femtosecond time-re-
solved fluorescence can be recorded. The BRC sample
was kept stirring in a 1 mm cuvette and underwent
measurement in a dark environment to prevent expo-
sure to ambient light.

The TA and TF data were carefully chirp calibrated,
and the spectral shape of TF was reconstructed using a
previously developed method [30, 31]. All measure-
ments were conducted at room temperature.

lll. RESULTS AND DISCUSSION

A. Structure of the pigment-protein complex

The molecular structure of the isolated Rps. BRC is
illustrated in FIG. 1(a) sourced from PDB file 1AJ [32].
This trans-membrane pigment-protein complex com-
prises three a-helical polypeptide subunits and internal
pigment cofactors. Symmetrically arranged polypep-
tides L and M encase the photosynthetic pigments with-
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FIG. 2 (a) Lower panel: waiting-time-dependent TA spectra of Rps. BRC under 750 nm excitation. Upper panel: spectral
slices at four typical waiting times. (b) Temporal evolutions of excitation-induced absorption changes at various wave-

lengths.

in the BRC, while the H-polypeptide crowns the cyto-
plasmic facets of L and M. The array of pigment cofac-
tors includes four bacteriochlorophyll-a (BChla), two
bacteriopheophytin-a (BPhe), two ubiquinone-10, one

3

carotenoid, and a non-heme iron atom. The “special
pair” P, is flanked by two monomeric accessory BChla,
designated as B and Bp (colored green). The neighbor-
ing BPhe and quinones are labeled as Hy and Hp (col-
ored purple), Qa and Qp (colored gray). The subscripts
A and B correspond to two pigment branches situated
on either side of the symmetry axis, with the A-branch
typically recognized as the functional branch where
electron transfer occurs.

FIG. 1(b) displays the steady-state absorption spec-
trum of purified Rps. BRC in a 1 mm cuvette. Three
distinctive peaks observed in the near-infrared region
are attributed to the Qy electronic transitions of BChla
and BPhe pigments. The 756 nm band originates from
the absorption of two BPhe (Ha, Hp) on each branch,
while the 804 nm band is contributed by two BChla (Ba
and Bg). Due to the pronounced coupling of the special
pair P, the Qy transition further excitonically splits in-
to higher (P4) and lower (P_) states. The split lower ex-
citon state P_ chiefly contributes to the absorption
band at 865 nm, while the upper exciton state lies at ap-
proximately 814 nm with a smaller oscillator strength
[33].
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In our experiment, BRC was treated to eliminate Qa
and Qp, aiming at excluding the long-lived PTQa~
charge-separated state, which decays over the order of
100 ms [34], exceeding the laser repetition interval time.

B. Femtosecond TA measurement

In subsequent femtosecond time-resolved measure-
ments, we selectively excited the BChla (By and Bp)
and BPhe (Hp and Hp) absorption bands of BRC using
790 nm and 750 nm excitation pulses, respectively. Due
to the broad spectral bandwidth of the femtosecond ex-
citation pulses, both branches of pigments (B and Bp,
as well as Hy and Hp) were concurrently excited. Con-
sequently, for simplicity in the following discussion, we
refer to the pigments in BRC collectively as B, H, and P.

We first performed the femtosecond TA measure-
ment. In FIG. 2(a), the waiting-time-dependent TA
spectra of Rps. BRC under 750 nm excitation are de-
picted. Here, both Hy and Hp are initially excited, and
the results are consistent with prior findings [12, 17, 20,
35]. The upper panel of FIG. 2(a) exhibits TA spectra
at various waiting times. Within the initial 200 fs, the
sequential emergence of bleaching peaks in the H, B,
and P bands was observed. However, due to limitations
in the instrumental response function (IRF, ~200 fs) of
our TA setup, discerning the discrete energy transfer
timescales from H to B and subsequently to P poses a
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FIG. 3 (a) Waiting-time-dependent TF spectra of Rps. BRC under 790 nm excitation. (b) TF spectra at various time de-
lays. The emission at 840 nm and 900 nm arises from the fluorescence transitions of B and P, respectively. (c¢) TF dynam-
ics probed at 845 nm (blue circles) and 915 nm (red squares). The filled gray curve represents the instrumental response
measured using the scattered 790 nm excitation pulse. The dots denote the data points, while the curves denote the multi-

exponential fitting, accounting for the IRF (~90 fs).

persistent challenge. Subsequent spectral snapshots at
0.6 ps and 25 ps distinctly display characteristics of
charge-separated states P"Ba~ and PT™H ™, which were
widely reported in the literatures [12, 17, 35].

FIG. 2(b) presents the dynamic traces probed at dif-
ferent wavelengths. The entire TA signals of BRC com-
prise ground state bleaching, excited state absorption,
stimulated emission, and electrochromic band shift in-
duced by charge separation. Consequently, the dynam-
ics at each specific wavelength emerges from a convolu-
tion of diverse positive and negative signals originating
from multiple sources, significantly challenging further
quantitative investigations. Researchers often resort to
global fitting methods or employ more intricate tech-
niques like two-dimensional electronic spectroscopy
(2DES) to deconvolute the complicated energy transfer
and charge separation processes involved in the BRC af-
ter the ultrafast photo-excitation [36—39]. These ap-
proaches yield distinct kinetic models, contributing to
the diversity in understanding these phenomena.

C. Femtosecond TF measurements under selective excita-
tionof Hand B

To address the issue mentioned above, femtosecond
broadband TF measurements based on the FNOPA
technique were conducted. This method inherently re-
solves the primary processes encompassing energy
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transfer and charge separation within BRC. FIG. 3(a)
illustrates the waiting-time-dependent TF spectra of
Rps. BRC under 790 nm excitation, initially exciting
chromophores B. The fluorescence detection window
spans from 800 nm to 1000 nm, allowing for clear delin-
eation of the spectral evolution specific to pigments B
and P.

As depicted in FIG. 3(b), two distinct emission
species promptly emerge following the photo-excitation,
peaking at 840 nm and 900 nm. The emission at 840 nm
and 900 nm originates from the fluorescence transitions
of B and P, respectively [21, 40—42]. To block the resid-
ual 790 nm excitation light, we utilized an 825 nm long-
pass filter during the measurement. Consequently, the
blue-edge spectral intensity of B emission was signifi-
cantly reduced. Notably, the fluorescence intensity of B
decreases within a few hundred femtoseconds, while
that of P initially rises rapidly and then decays within
several picoseconds. These observations strongly sug-
gest the occurrence of energy transfer from B to P and
subsequent charge separation events.

The corresponding dynamics probed at 845 nm and
915 nm are presented in FIG. 3(c), both can be well-fit-
ted by multi-exponential functions. At 845 nm, the dy-
namics displays a prominent decaying component of
448+18 fs (depicted as blue circles in FIG. 3(c)), fol-
lowed by a decay to zero with a time constant of 24+

© 2023 Chinese Physical Society
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FIG. 4 (a) Waiting-time-dependent TF spectra of Rps. BRC under 750 nm excitation. (b) TF spectra at various time de-
lays. The emission at 820 nm and 900 nm arises from the fluorescence transitions of B and P, respectively. (¢) TF dynam-
ics probed at 815 nm (green square) and 915 nm (red hexagon). The filled gray curve represents the instrumental response
measured using the scattered 750 nm excitation pulse. The dots denote the data points, while the curves denote the multi-

exponential fitting, accounting for the IRF (~90 fs).

3 ps. In contrast, the dynamics at 915 nm exhibits a
17047 fs rise, succeeded by two decaying components of
3.540.1 ps and 32.0+5.4 ps.

To further monitor the electronic energy transfer
process from H to B, the excitation pulse was adjusted
to 750 nm, aligning with the H absorption band.
FIG. 4(a) displays the waiting-time-dependent TF spec-
tra of Rps. BRC under 750 nm excitation, encompass-
ing the entire emission spectral range of B and P. Here,
a high-quality 800 nm long-pass filter with sharp edge of
blocking region was utilized to remove the remaining
750 nm excitation light, hindering the direct observa-
tion of fluorescence emission from H.

At an earlier waiting time, e.g., 110 fs, distinct spec-
tral features of the B emission become apparent, as de-
picted in FIG. 4(b). This spectral signature presents an
emission species peaking at 820 nm, accompanied by a
prolonged tail in the red wing. These characteristics
were attributed to the 0-0 transition and higher-order
vibronic transitions of BChla, respectively [42—44]. Sim-
ilar to observations under 790 nm excitation, the
820 nm emission species diminishes while a spectral in-
tensity increase at 900 nm occurs.

Remarkably, the dynamics observed at 815 nm, cor-
responding to the blue edge of the 0-0 fluorescence tran-
sition of B (depicted as green squares in FIG. 4(c)), dis-
plays a noticeable rising edge, indicative of the ultra-
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fast energy transfer process from H to B. Considering
the IRF (~90 fs), the rise time constant can be fitted as
98+2 fs. Similar to observations under 790 nm excita-
tion, the B emission exhibits a rapid decay of 364+6 fs.
In contrast, the dynamics observed at 915 nm, originat-
ing from P emission, exhibits a longer rising time con-
stant of 21849 fs compared to the B band excitation.
This emission then rapidly decays with a time constant
of 3.1+0.1 ps. Both kinds of dynamics at 815 nm and
915 nm exhibit long-lived components, persisting for at
least tens of picoseconds.

D. Photo-induced energy transfer and charge separation

dynamics in BRC

Through femtosecond time-resolved broadband TF
measurements, the primary processes in BRC after pho-
to-excitation become directly accessible for analysis. Ir-
respective of excitation to either B or H absorption
bands, two primary emission species emerge. The ini-
tial appearance of the high-energy species, centered at
820 nm during early waiting times, mirrors the spectral
characteristics of BChla, representing the fluorescence
of B. In the meanwhile, the major contribution to the
red-shifted species after photo-excitation stems from P
emission, which is centered at 900 nm. Consequently,
the rapid spectral shift between these species signifies
an ultrafast energy transfer process from B to P. By
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meticulously fitting the rise time of the dynamics at
915 nm, the energy transfer rate from adjacent chro-
mophores to P is directly derived, yielding time con-
stants of 170 fs and 218 fs when selectively exciting B
and H, respectively. These findings align with prior re-
ports using femtosecond fluorescence up-conversion
spectroscopy to study energy transfer pathways in
Rps. BRC at 85 K [21]. However, the up-conversion
method in previous studies limited detailed experimen-
tal observation of TF spectra from B and H emissions.
Leveraging our broadband TF spectroscopy (see
FIG. 4(a) and (b)), the emission Stokes shifts relative to
the absorption peak positions of B and P are precisely
obtained as ~197 and 450 cmfl, respectively.

When exciting the B absorption band with 790 nm,
an energy flow from B to P contributes to the observed
170 fs rising component. Considering the inter-pigment
distances in BRC, initial excitation of the H chro-
mophore at 750 nm leads to an indirect sequential ener-
gy transfer from H to B and subsequently to P, con-
tributing to the 218 fs component. Previous research
utilizing 2DES with high temporal resolution support-
ed the energy transfer from H to B within both branch-
es of the BRC in sub-100 fs [38]. By fitting the rising dy-
namics of emission from B under 750 nm excitation (see
FIG. 4(c)), the time constant for the energy transfer
from H to B, approximately 100 fs, can be directly de-
rived.

In addition, for free BChla molecules in solution, flu-
orescence lifetimes usually range from hundreds of pi-
coseconds to nanoseconds. In contrast, the emission
from excited special pair P in BRC diminishes within
several picoseconds due to its preferential relaxation
through a charge separation pathway rather than di-
rect relaxation back to the ground state. Consequently,
the observed lifetime (~3.5 ps) for the P emission dy-
namics originates from the photo-induced charge sepa-
ration process, typically occurring in two sequential
steps from P to PTHA ™ through the PTBA™ intermedi-
ate [12, 17, 35, 45].

It is worth noting that a rapid decay process of ap-
proximately 400 fs is observed in the B emission dynam-
ics upon either excitation of B or H. However, the fit-
ting of the rising edge of P emission dynamics does not
reveal any 400 fs component, indicating that this pro-
cess does not arise from energy transfer between B and
P pigments. Although P, was initially considered as an
intermediate in B — P_ transfer, 2DES experiments
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have revealed an extremely rapid internal conversion
from P, to P_ with only a 25-fs time constant [38].
Hence, the observed ~400 fs lifetime of B emission can-
not be attributed to the presence of the P state. Some
previous reports suggested that upon photo-excitation,
a portion of B might directly participate in the charge
separation process [18, 35]. In such a scenario, the fluo-
rescence dynamics of B should exhibit two independent
time constants, corresponding to the energy transfer
from B to P and the pathway of charge separation.
However, our experimental results demonstrate that the
B emission dynamics cannot be fitted to yield a fast
component of 100 fs. Fleming et al. proposed that the
observed 400 fs process in femtosecond TA measure-
ment might stem from the vibrational relaxation of the
B ground state [46]. Different from them, our femtosec-
ond TF measurement directly tracks the relaxation pro-
cess of the B excited state, thereby dismissing the possi-
bility of ground-state vibrational relaxation.

It was revealed that the absorption spectrum of
BChla exhibits higher vibronic sidebands [44], marked
by structured shoulders on the high-energy side of the
main absorption peak. These sidebands cause an over-
lap between the 0-0 transition absorption peak of B and
the 0-1 transition absorption region of P, indicating
substantial electron-vibrational coupling between them.
Therefore, potential electronic energy transfer path-
ways within BRC are here proposed (see FIG. 5), which
can align well with our experimental TF observations.
Specifically, we propose that during the energy transfer
from B to P, the vibronic states of P rapidly populate
within 200 fs, followed by the charge separation process.
Consequently, the P emission dynamics shows a 170 fs
rise and a 3.5 ps decay component. Vibrational relax-
ation of the P vibronic states can endure several hun-
dred femtoseconds. Therefore, the lifetime of B emis-
sion significantly extends to ~400 fs due to vibronic
mixing or bidirectional energy transfer between the
electronic excited state of B and the vibronic states of
P. Previous 2DES measurements have highlighted the
essential role of pigment vibrational modes in BRC’ s
primary processes, uncovering the presence of vibronic
coherence transfer among these pigments [36, 39]. This
underscores the plausibility of the vibronically driven
energy transfer model as shown in FIG. 5.

We now compare the determined time constants for
energy transfer and charge separation in the BRC using
TF measurements with those derived from TA dynam-
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EET<100fs

EET~170fs

H B P

FIG. 5 Scheme of the electronic energy transfer (EET)
and charge separation (CS) processes in Rps. BRC after
the photo-excitation of H. The fluorescence emitted from B
and P is depicted as the brown and purple curved arrows,
respectively. The vibronic state of P might exert a critical
role in the rapid energy transfer from B to P.

ics, illustrated in FIG. 2(b). For example, the rapid de-
cay observed in the TA measurement of the H band’s
bleaching signal at 760 nm with a time constant of
140+4 fs corresponds to the energy transfer from H to B.
However, the limited time resolution of the TA setup
(~200 fs) caused an elongation of the bleaching time
constant for the H band. The TA measurement fitted a
decay time constant of 340+7 fs for the bleaching signal
of the B band at 800 nm, while TF analysis revealed a B
emission lifetime of ~400 fs, attributed to vibronic mix-
ing. This discrepancy arises because the bleaching sig-
nal in TA primarily captures population changes in the
electronic ground state, whereas TF directly tracks re-
laxation processes in the electronic excited state. Fur-
thermore, both the TA measurement of stimulated
emission signal at 930 nm and TF measurements direct-
ly from P emission exhibit a time constant of ~3.5 ps,
indicating involvement in the photo-induced charge
separation process.

Lastly, another intriguing observation arises from
the TF measurements. Remarkably, even after the com-
pletion of charge separation, the fluorescence of BRC
still persists, indicating a component with a longer life-
time extending for several tens of picoseconds. Recent
investigation highlighted that the involvement of pro-
tein dynamics during the initial energy and electron
transfer processes might be crucial for this enduring
emission component [47]. Nevertheless, unraveling a
comprehensive understanding of its underlying physi-
cal mechanisms requires more detailed investigation in
future studies.
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IV. CONCLUSION

In summary, by using state-of-the-art FNOPA spec-
troscopy, we unveiled the initial photo-induced energy
transfer and charge separation dynamics in Rps. BRC.
Upon photo-excitation of B or H absorption bands, two
distinct emission species emerge, which are associated
with the fluorescence of B (centered at 820 nm) and P
(centered at 900 nm), respectively. TF experimental re-
sults indicate the energy transfer time from H to B is
less than 100 fs, from B to P is ~170 fs, and the charge
separation time is ~3.5 ps. Remarkably, the lifetime of
B emission extends significantly to ~400 fs, suggesting a
plausible coupling between the electronic excited state
of B and the vibronic states of P, potentially influenc-
ing the acceleration of the energy transfer process. Fur-
ther theoretical and experimental exploration is impera-
tive to unveil the intricate role played by vibronic dy-
namics in photosynthetic energy transfer and charge
separation processes.
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