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Carotenoids extend the absorption range of photosynthesis and transfer excitation energy to (bacterio-)
chlorophylls with remarkable efficiency, yet the microscopic mechanism of this process, especially the
role of the Sy intermediate, remains unresolved. Here, we use femtosecond stimulated Raman
spectroscopy, whose high vibrational frequency and temporal resolutions enable direct tracking of
excited-state intermediates and their symmetry characteristics. By probing spheroidene in both solution
and the light-harvesting 2 complex of Rhodobacter sphaeroides, we reveal structural change in the S;
(1B,*) state that forms distorted Sy and S; (2Ag7) intermediates. The Sy state is assigned to optically
forbidden 3A4™ configuration rather than the earlier 1B~ or Ag™ proposals and is identified as an efficient
pathway for energy transfer to bacteriochlorophylls. The spheroidene-to-bacteriochlorophyll energy
transfer efficiencies are quantified as 32% via the Sy state, combined with 50% from the S, state and 12%
from the S; state, yielding an overall transfer efficiency of 94%, in excellent agreement with previous
reports. We propose that the observed structural distortions of spheroidene dynamically enhance
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Introduction

Carotenoids are essential for photosynthesis, where they
harvest solar energy and transfer it to (bacterio-)chlorophylls
with remarkable efficiency." Despite decades of study, the
microscopic mechanisms remain elusive, particularly the role
of intermediate optically forbidden states and their role in
facilitating ultrafast energy transfer. The bacterial light-har-
vesting 2 (LH2) complex provides an ideal system to address this
challenge.>® In the Rhodobacter sphaeroides LH2 complex,
ultrafast spectroscopy has shown that the spheroidene transfers
excitation energy to neighboring BChls with efficiencies
exceeding >90%.*” However, the contribution of the Sy inter-
mediate and the precise nature of its electronic symmetry
remain controversial.”'® Previous experiments assigned an
optically forbidden 1B, symmetry to this Sy state;>™* the
involvement of the optically forbidden 1B, state reconciled
with the theoretical calculation, which positions it between
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efficiency of excitation energy transfer.

optically allowed S, (1B,") and optically forbidden S; (2A,7)
states for the conjugation length N = 10."*** By contrast, other
theoretical studies proposed an optically forbidden Ag+ assign-
ment,*® leaving both the nature and the functional role of the Sy
state unresolved. This controversy arises largely because
experimentally determining the precise symmetry of the inter-
mediate state between S, and S; remains highly challenging.

In this work, we address this challenge by employing
femtosecond stimulated Raman spectroscopy (FSRS)''® to
investigate the real-time structural evolution of spheroidene in
both solution and the intact LH2 complex extracted from Rho-
dobacter sphaeroides 2.4.1. FSRS offers distinct advantages over
conventional electronic spectroscopy by simultaneously
providing high temporal and spectral resolution, enabling
direct observation of individual excited-state intermediates.”
Moreover, the symmetry properties of carotenoid excited states
can be disentangled via characteristic vibrational modes. For
instance, Raman signals near 1800 cm ™" have been linked to
C=C stretching vibronic coupling mode involving A,~
symmetry,'”'#2°>> while additional features reveal C=C
stretching diabatic mixing between B," and A,” (or B, )
states.''”?*?® These capabilities establish FSRS as a powerful
tool for probing the structural and symmetry evolution of
photoexcited carotenoids.
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Leveraging these strengths, we discovered a functional Sy
state between the S, (1B,") and S; (2A,7) states that does not
conform to the previously proposed 1B, or A," assignments,
but instead corresponds to an optically forbidden 3A; state.
This state arises from photoinduced structural distortions in
the S, (1B,") state, leading to formation of twisted Sx (3A, ") and
S: (2A;7) states. Importantly, we show that the Sy state
contributes 32% to excitation energy transfer to BChls, together
with 50% from S, and 12% from S,, yielding a total transfer
efficiency of 94% in excellent agreement with previous
reports.*”

Methods

Sample preparation

Tris(hydroxymethyl)aminomethane (Tris) (>99%) and di-
ethylaminoethyl cellulose (DEAE-52) were purchased from
Solarbio Life Science (Beijing), inorganic salts (both A. R.) were
purchased from Sinopharm Chemical Reagent Beijing Co., and
lauryl dimethylamine oxide (LDAO, 30%) and organic solvent
were purchased from Sigma-Aldrich.

The bacterial cultivation and protein purification processes
were similar to those described in a previous report.”* Rhodo-
bacter (Rba.) sphaeroides 2.4.1 cells were grown in M22+ medium
at 30 °C under light for 3 days anaerobically and were harvested
by centrifugation.

LH2 complex purification. The chromatophore was prepared
by sonication and ultracentrifugation®® and was successively
resuspended and diluted in 20 mM Tris-HCI (pH 8.0) to ODg,
=50 cm™". LDAO was added to a final concentration of 1% and
stirred for 45 minutes under a nitrogen (N,) atmosphere. The
LH2 complex was then purified by anion-exchange column
chromatography using DEAE-52. For spectroscopic measure-
ment, the LH2 complex was eluted with TL buffer (0.1% LDAO,
20 mM Tris, pH 8.0).

Spheroidene preparation. All-trans spheroidene with conju-
gation C=C bond number 10 (N = 10) was extracted and
purified from Rba. sphaeroides 2.4.1 cells following a previous
protocol.** A methanol-acetone mixture (2: 7, v/v) was used to
extract the pigment from wet cells several times. The obtained
dry pigment mixture was dissolved in n-hexane and purified by
Al,0; column chromatography using a gradient n-hexane-di-
ethyl ether mixture as the eluent. All-trans-spheroidene was
recrystallized  before further wuse in  spectroscopic
measurements.

Transient absorption spectroscopy

A commercial spectrometer (Helios Fire, Ultrafast System) is
used to measure the femtosecond transient absorption spectra.
A Ti:sapphire laser amplifier system (Astrella, Coherent, Inc., 35
fs, 7 W, 1 kHz) is used to produce the 800 nm fundamental
beam. An actinic pump, which is at 480 nm for the experiment
of spheroidene in n-hexane solution, 500 nm for the experiment
of spheroidene in DMSO solution and 510 nm for the experi-
ment of the LH2 complex, is generated using an optical para-
metric amplifier (OPerA Solo, Coherent, Inc.). The
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supercontinuum white light generated by focusing the 800 nm
fundamental beam on a sapphire crystal plate worked as the
probe pulse with a range from 470 to 640 nm. The instrument
response function (IRF) of the system is ~120 fs.

Femtosecond stimulated Raman spectroscopy

We obtained a tunable narrowband picosecond (ps) Raman
pump, a broadband femtosecond (fs) Raman probe, and an fs
actinic pump by splitting the fundamental laser pulses
(Coherent, Astrella, 35 fs, 7 mJ per pulse, 1 kHz repetition rate)
into three. The actinic pump centered at 480/500/510 nm was
generated using an optical parametric amplifier (OperA Solo,
Coherent, Inc.). About 3 W of fundamental pulses were intro-
duced into a second harmonic bandwidth compressor (SHBC,
Coherent, Inc.) to produce ps 400 nm pulses and subsequently
generate a ps Raman pump pulse through a ps-OPA system
(TOPAS-400, Coherent, Inc.). The Raman pump wavelengths for
Stokes excited-state Raman experiments for spheroidene in n-
hexane solution are chosen as 530 nm, for spheroidene in
DMSO solution and the LH2 complex are chosen as 550 nm, and
for anti-Stokes experiments for spheroidene in n-hexane solu-
tion and the LH2 complex are chosen as 580 nm and 620 nm.
Per pulse energy is about 150 nJ. About 15 mW of the funda-
mental laser output was focused onto a 2 mm thick single-
crystal sapphire plate to generate the supercontinuum white
Raman probe pulse. The spectral resolution of the FSRS setup
was determined to be ~14 cm™*, as estimated from the full
width at half maximum (FWHM) of the narrowest ground-state
Raman band (802 cm™?) of cyclohexane measured under iden-
tical experimental conditions (see Fig. S1). The instrument
response time was measured to be about 150 fs by cross corre-
lation between the Raman probe pulses and fs actinic pump.

Results and discussion

The steady-state absorption spectra of the free spheroidene in n-
hexane and DMSO and the LH2 complex are illustrated in
Fig. 1a. The free spheroidene in n-hexane solution exhibits
a characteristic S, — S, (0-0) transition peak at 485 nm. Upon
dissolution in DMSO solvent with higher polarizability, this
absorption maximum undergoes a bathochromic shift to 503
nm.*>* A comparable redshift is observed in the LH2-bound
spheroidene, where the 0-0 transition appears at 510 nm,
indicating polarizability environment perturbation of the
carotenoid's electronic structure.?

Fig. 1b-d compares the ground state FSRS spectra of the free
spheroidene and LH2 complex. Three characteristic vibrational
regions are identified: (1) The Raman modes at ~1520 cm ™" are
assigned to the C=C stretching mode in the polyene chain. (2)
The 1155 cm ™' feature arises from coupled C-C stretching and
in-plane C-H bending modes. (3) Multiple peaks between 850
and 1000 cm™ ' are diagnostic of C-H out-of-plane (HOOP)
wagging vibrations. The detection of the HOOP modes in
spheroidene indicates that there is distortion in the carotenoid
backbone in its ground state.’***

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08508j

Open Access Article. Published on 03 February 2026. Downloaded on 4/9/2026 10:02:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
1.04 (b)
0.5
=

= 8 0.0 fmrmnmt It - -
'E_ = - T r T r
5 g 1156 1522
el [
< @
o - 0.51
N N
T : ©
€ 5] » SPH in n-hexane = O
6] T B800 o T 2 T d : ’
z { 485 Z 104 (d) sPHin DMsSO

i | 1524

1 ‘ 510 nm W
] 0.51 \ ‘ I
875 I\ |\
Q, ‘
\ Qy 0.0 et vadY_ dpnnad . . . el Y Fnrman” . _ _ _ Seaegnday
450 500 550 600 800 900 800 1000 1200 1400 1600 1800
Wavelength (nm) Raman Shift (cm™)
Fig.1 (a) Steady-state absorption spectra of the LH2 complex and spheroidene (SPH) in DMSO and n-hexane solution; the inset shows the LH2

complex structure from Rhodobacter sphaeroides 2.4.1. (PDB:7PBW).*° The ground state FSRS spectra of spheroidene in n-hexane (b), LH2

complex (c), and DMSO (d).

Excited-state structural dynamics are probed using FSRS
with an actinic pulse energy of 150 nJ per pulse (Fig. 2-4, S5 and
S6). To achieve the excited state Raman signal with a high signal
to noise ratio, we employed Stokes-side FSRS (s-FSRS) using
a 530 nm actinic pump for free spheroidene in n-hexane and
a 550 nm for the LH2 complex and free spheroidene in DMSO
(raw data are shown in Fig. S7). A Raman pump was used to
obtain a high frequency (1000-2000 cm ') excited state Raman
signal (green dashed lines labeled in Fig. S2). A strong transient
absorption (TA) induced nonlinear background in the 100-1000
cm ! range obscures the low-frequency Raman signal in s-FSRS.
To overcome this, 580 nm (for free spheroidene in n-hexane)
and 620 nm (for the LH2 complex and free spheroidene in
DMSO) Raman pump wavelengths were selected for anti-Stokes-
side FSRS (a-FSRS) to achieve pre-resonant enhancement of the
low frequency range (100-1000 cm ') excited-state Raman
signal (red dashed lines labeled in Fig. S2). These Raman pump
wavelengths were selected to align with the excited-state
absorption (ESA) bands and the stimulated emission (STE)
band of the electronic excited states, based on the TA spectra
shown in Fig. S2.

Fig. 2b shows the contour plot of 2D s-FSRS spectra of free
spheroidene in the frequency range of 1650-1900 cm™ ' in n-
hexane, revealing a weak Raman mode at 1705 cm  and
intense, broad Raman modes at ~1817 ecm ' that exhibit
intricate rise and decay dynamics. The decay-associated differ-
ence spectra (DADS) extracted from global analysis is used to
analyze the FSRS spectra, as shown in Fig. 2c. The DADS of the
Raman modes in the frequency range of 1650-1900 cm ™" reveal
complex dynamics; the three-time components (t; = 150 fs, 7, =
600 fs, and t; = 8.5 ps) from global fitting for these modes are
consistent with the TA data obtained in the visible range (see

1
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Fig. $2). The Raman mode at 1705 cm ™' (red arrow in Fig. 2b)

exhibits a single decay lifetime of 7; = 150 fs, as shown in
Fig. 2d, which signifies an ultrafast decay originating from the
S, (1B, ") state. The detailed origin and assignment of this mode
will be discussed later.

As depicted by dark blue arrows in Fig. 2b and the DADS in
Fig. 2c, the s-FSRS reveals a two-stage evolution of Raman
modes at ~1810 cm ™ ': stage 1, the emergence of a Raman band
at 1816 cm™ ' within 150 fs (r;) that subsequently decays with
a time constant of 600 fs (t,) and stage 2, the appearance of
a new Raman mode at 1817 cm ', exhibiting an increase in
intensity governed by 1, (600 fs), followed by a subsequent
decrease with a time constant of t; = 8.5 ps.

As shown in Fig. S2b, the Raman pump wavelength was
chosen to overlap with the ESA band of components 7, and 73 in
TA spectra. Under these resonance conditions, the s-FSRS
signals are dominated by the Raman gain signal with a Lor-
entzian line shape without noticeable dispersive distortion.*>*!
Consequently, both the transient Raman frequencies and
amplitudes extracted from the two-stage Raman modes reliably
reflect the underlying vibrational dynamics, allowing compar-
ison of peak positions and their temporal evolution.

The transient Raman mode (1817 cm™') in stage 2, previ-
ously attributed to the in-phase C=C stretching mode of the
optically forbidden S; (2A;7) state, arises from the vibronic
coupling between S; (2A, ) and S, (1A, ) states."”**** According
to the C,, point group symmetry of all-trans polyenes, this
coupling results in a frequency upshift to ~1817 cm ™" for the in-
phase C=C stretching mode in the 2A;" excited state while
simultaneously downshifting the corresponding mode
frequency (1525 cm™') in the 1A, ground state (Fig. 1b).25#%
As shown in Fig. 2f, analysis of the transient amplitude of the
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Raman signal reveals a biphasic kinetic trace of this vibronic
coupling mode: a slow rise dynamics (600 fs) followed by a decay
with a lifetime of 8.5 ps. The 600 fs rise component is attributed
to the population in a higher vibrational state in S; (24, ) (hot
S;) from the upper excited state, accompanied by a vibrational
cooling process. This population ultimately relaxes to S, (1A;")

Chem. Sci.

states within 8.5 ps.** Notably, the vibrational mode undergoes
a progressive blue shift during the S; — S, internal conversion
process (Fig. S3), a spectral shift directly correlating with the
vibrational cooling dynamics in the S; (2A; ") state.

In contrast to the S; dynamics, the temporal evolution of the
Raman signal in stage 1 exhibits an initial ~150 fs rising

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08508j

Open Access Article. Published on 03 February 2026. Downloaded on 4/9/2026 10:02:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Spheroidene in LH2

Raman Gain
%10
3 2.0
10 1.4
* 0.8
0.2
-0.4

Raman Gain

Time (ps)

0.1

1100 1200 1300 1400 1500
Raman Shift (cm™)

1700 1800

3A, 12,

View Article Online

Chemical Science

G 8

o (c)

=5

£ 0 PSomemmgpmrs W - /-

B 4] —vsots

é-a' - 2.6 ps

5 1650 1725 1800 1875
Wavenumber (cm™)

1 © 1B,'I3A,
>1 (d) YOfs e’
é 04 ) 0000000 o o
2 . r ' r
c
£ 1{(e
= @)

N

= 0
= r r T
) — 2o
Z -

b-emsmremnen A 2A 1A

)
1900 0 1 2 3
Time(ps)
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1790 cm™.

dynamics followed by ~600 fs decay, as shown in Fig. 2e. The
150 fs rise coincides with the ultrafast depopulation of the S,
(1B, ") state (Fig. 2d), indicating that the formation of the stage 1
Raman signal is directly correlated with the rapid S, relaxation
process. The subsequent ~600 fs decay occurs on the same
timescale as the ~600 fs rise observed for the S; (2A, ") state in
stage 2 (Fig. 2f), suggesting a kinetic correspondence between
the decay of the stage 1 signal and the build-up of the S; pop-
ulation in stage 2. This temporal correlation provides conclu-
sive evidence for the existence of an intermediate state (Sx)
mediating the S, (1B,")-to-S; (2A, ) state transition, in
comparison with the transient Raman signals of the S, and S;
states in Fig. 2d and f. Notably, analogous to the 2A, /1A,
vibronic coupling observed in stage 2, the detection of the
unusually high frequency mode in stage 1 is indicative of
vibronic coupling. Prior experimental and theoretical studies
have characterized this intermediate (Sx) state as a discrete
single excited state, with its symmetry assignment to 1B, >> or
A,™® configuration. However, our observation of a vibronic
coupling mode rules out the A," assignment. According to the
pseudo-parity selection rule, states with “—” Pariser labels
cannot couple with “+” states via C=C stretching vibrations,
and no vibronic coupling is expected between the 2A,™ and 1B,
states or between the 2A,~ and A,™* (unless the energy gap
between “+” and “—” type states is very close to each other,
which can induce a diabatic mixing'”**). Although the 1B,
state lies energetically between S, (1B,") and S; (2A,7), fluo-
rescence excitation spectroscopy studies have shown that
internal conversion from 1B, to 2A," states is markedly inef-
ficient,* suggesting that the 1B, /2A,  vibronic coupling is

© 2026 The Author(s). Published by the Royal Society of Chemistry

symmetry-forbidden. In contrast, efficient internal conversion
from 3A,~ to 2A,” has been obtained, consistent with strong
C=C vibronic coupling between these two states.** This agrees
with our experimental results and supports assigning the stage
1 Raman mode (1816 cm ™) to C=C vibronic coupling between
3A, and 2A;" states.

In the ground state geometry of spheroidene, the 3A,™ state
lies above S, (1B, ") states.**>?%4 Upon the vertical excitation to
the S, (1B, ") state, however, energetic inversion may occur along
the bond length alteration (BLA) coordinate'®* and polyene
chain backbone distortion coordinate'” near the S, potential
energy minimum, where the 3A,™ state acts as an intermediate
state mediating the S, (1B,")-to-S; (2A,") state transition. This
inversion highlights the critical role of geometric changes in
modulating excited-state energy. A pronounced BLA decrease in
excited states induces an increase in conjugated C=C bond
length and a concomitant decrease in C-C bond lengths.*” This
structural reorganization directly impacts the vibrational spec-
trum, as evidenced by shifts in Raman-active modes.*” In our
experiment, as shown in Fig. 2a, an excited state Raman mode
observed at 1223 cm™ " with a single decay lifetime of ~150 fs
corresponds to the in-phase C-C stretching Raman mode,
exhibiting a 66 cm ™" upshift in the S, (1B, ") state related to the
So (1A, ) state (1157 cm ™ ').** This blueshift aligns with the BLA
induced stiffening of the conjugated C-C bonds.*>*” A further
frequency upshift to 1252 cm ™" in Sy (3A, ) and S, (2A, ) states
suggests additional C-C bond shortening (Fig. 2a), probably
indicating a twisting dynamics in the S, (1B,") state, leading to
the formation of further structural distortion in the subsequent
two dark (3A,” and 2A,7) excited states. In addition, a weak
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transient Raman feature at around ~1400 cm ™" is observed with
a single decay lifetime of ~150 fs. This mode is assigned to CH;
symmetric deformation of the carotenoid methyl groups®® and
may be sensitive to initial photoinduced structural rearrange-
ments of the polyene backbone or side groups. Support for this
interpretation is provided by the appearance of enhanced low-
frequency excited state Raman modes at less than 1000 cm ™"
observed in a-FSRS by using a redder Raman pump at 550 nm.
The a-FSRS spectrum reveals low-frequency Raman loss signals
at 360 cm " (Fig. 3a and ¢), 780 cm ™, 856 cm ™', and 877 cm ™"
(Fig. 3b, d and e), all exhibiting ~180 fs decay lifetimes,
consistent with S, state dynamics. As demonstrated in prior
anti-Stokes side FSRS studies, the Raman loss signal in the
excited state is observed only when the wavelengths of the
Raman pump and Raman probe are pre-resonant with the
electronic transition of the STE band in the TA spectrum,***®
confirming selective probing of the optically bright S, (1B,")
state.

DFT calculations assign these modes to specific structural
motions. The 360 cm™ " mode corresponds to polyene chain in-
plane skeletal bending (Fig. S4a), while 856 cm " and 877 cm ™"
modes are assigned to HOOP vibrations (Fig. S4b and c).
Notably, carotenoid HOOP modes in 800-1000 cm ' regimes
exhibit exceptional sensitivity to restoring forces during chro-
mophore twisting,"”** a phenomenon validated across biolog-
ical and chemical systems via FSRS.”?****' Collectively, these
observations provide explicit evidence for spheroidene twisting
during S, state evolution. This conformational change,
combined with the BLA reducing 3A,  state energy, facilitates
its emergence as an intermediate Sy state between S, (1B,") and
S1 (2A;7) states.

To summarize our findings thus far, DADS of the FSRS

for spheroidene demonstrate three decay components,
e . f
indicating a four-state relaxation scheme S,(1B) Lok
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Sx(34) @Lﬁsl(ZAg) 8-'5—>psso(1AL;). As proposed in the sche-
matic diagram (Fig. 5a), the potential energy (PE) curves illus-
trate the photoreaction pathway driven by displacements along
the BLA and twisting coordinates of C-C/C=C bonds. Following
vertical excitation, the wavepacket on the S, (1B,') state
undergoes ultrafast relaxation and subsequently decays along
these coordinates to populate a structurally distorted Sy (3A,")
state. Notably, the emergence of the 1705 cm™ " mode (red arrow
in Fig. 2b) arises from concurrent BLA reduction and backbone
distortion. These collective distortions induce energetic inver-
sion between S, (1B,") and Sx (3A,) states, causing them to
approach each other and form an exceptionally narrow energy
gap during the inversion.**** Consequently, this facilitates di-
abatic mixing between the S, (1B,,") and Sx (3A, ") states, leading
to the observable modes at 1705 cm™".77?%% The emergence of
this mode corresponds to the instantaneous formation of the S,
state, followed by 150 fs decay. This decay is synchronized with
the population dynamics of the Sy (3A,7) state on the same time
scale and is then followed by intramolecular conversion to the
S1 (2A4 ") state within 600 fs. Finally, the S; population relaxes
into a vibrationally hot, distorted S, ground state, which ulti-
mately cools to regain the equilibrium all-trans S,
configuration."”

To further elucidate how the protein environment modulates
the structural dynamics of spheroidene, we performed FSRS
measurements on the LH2 complex. Fig. 4a and b display the 2D
s-FSRS spectra of the LH2 complex in the frequency range of
1000-1900 cm™'. The protein-bound spheroidene pigment
demonstrates analogous structural dynamics to that obtained
from free spheroidene, as schematically illustrated in the PE
diagram (Fig. 5a). Notably, as shown in Fig. 4b and c, the LH2
complex exhibits enhanced Raman-active mode at 1721 em ™,
which is attributed to S, (1B,")/Sx (3A, ") diabatic mixing. This
mode originates from photon-induced structural distortions of

(b)

Energy Transfer

P S ] Y

SPH

BChl

P /

Fig. 5 Schematic diagrams depicting (a) the potential energy surface of spheroidene (SPH) along BLA and distortion coordinates of C-C/C=C
bonds; (b) the excitation energy transfer quantum yield from spheroidene to BChl.
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spheroidene in the LH2 complex that reduce the energy gap
between S, (1B,") and Sy (3A,”) during their inversion process.
Supporting evidence includes (i) a blueshift excited-state C-C
stretching mode at 1228 cm ™" versus its ground-state counter-
part at 1156 cm ™' (Fig. 4a), reflecting BLA reduction and (ii) the
activation of skeletal motion and HOOP modes at 358 and 885
em~ ! (Fig. S5), indicating backbone distortions. Importantly,
the diabatic mixing signal of spheroidene is much more
pronounced in LH2 than in n-hexane solution, highlighting the
role of the protein environment in modulating the spheroid-
ene's energy levels.>>*

As shown in Table 1, a comparative analysis of the 1B, "/3A,~
C=C diabatic mixing mode undergoes a 16 cm™ ' blue shift,
while the 3A, /2A; and 2A, /1A, vibronic coupling C=C
stretching modes exhibit systematic redshifts of 6 cm™" and 27
cm ', respectively, in the LH2 complex compared to free
spheroidene in n-hexane. A similar downshifting trend is
observed for ground-state 1A,~ C=C stretching mode (Fig. 1b
and c) and correlates with the redshift of the S, (1A,7) — S,
(1B,") electronic transition in steady absorption spectra
(Fig. 1a). Together, these observations point to an enhanced
environment polarizability within the protein binding
pocket.?>37:52

Quantitatively, the average polarizability of spheroidene in
the LH2 complex (R = 0.334) exceeds that in n-hexane (R =
0.23).***” To further substantiate the role of environmental
polarizability, spheroidene dissolved in DMSO (R = 0.28)%
exhibits comparable frequency shifts (see Table 1). Relative to n-
hexane, the 1B,,'/3A,~ C=C diabatic mixing mode blueshifts to
1711 em™' and 3A, /2A, 7, 2A, /1A, ", and 1A, related C=C
vibronic coupling modes redshift to 1804 cm ™', 1788 cm ™, and
1524 cm ™. In addition, an intensified 1B,'/3A,  diabatic mix-
ing signature was observed at 1711 cm ™ (Fig. S6a and b). These
results confirm that increased environmental polarizability
plays a critical role in modulating the excited-state energy
landscape of spheroidene.*”*¢

Comparative analysis of the DADS reveals distinct excited-
state decay dynamics for spheroidene in different environ-
ments. However, the spheroidene demonstrates comparable tri-
exponential decay components in both DMSO (t; = 120 fs, 7, =
550 fs, and t; = 8 ps) (Fig. S6b) and n-hexane solvents (t; = 150
fs, 7, = 600 fs, and 75 = 8.5 ps) (Fig. 2¢), indicating that solvent
polarizability exerts only minor effects on the intrinsic excited-
state relaxation pathways of spheroidene.*** In sharp contrast,
as shown in Fig. 4c, a remarkable acceleration of excited-state
relaxation emerges within the LH2 complex, exhibiting signifi-
cantly shortened lifetimes (t; = 60 fs, 1, = 200 fs, and 73 = 2.6

Table 1 The Raman peak positions for free spheroidene and spher-
oidene in the LH2 complex

Spheroidene in Spheroidene

n-hexane in DMSO LH2 complex
1B,'/3A,~ 1705 cm™ 1711 em™! 1721 em ™!
3A, /24, 1816 cm ™! 1804 cm ™! 1811 cm ™!
27, /1A, 1817 cm ™! 1788 cm ™! 1790 cm ™"
1A~ 1525 cm 1524 cm™! 1522 cm ™!

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ps), which are consistent with the TA results (Fig. S2¢ and d).**
This significant decrease in spheroidene’s S,, Sx, and S, life-
times, compared with their lifetimes in solutions, provides clear
evidence for efficient spheroidene — BChl excitation energy
transfer (EET).

To quantitatively evaluate these transfer processes, we
calculate spheroidene — BChl EET lifetimes of S, (tgrq = 120
fs), Sx (tgr-2 = 310 fs), and S; (tgr-3 = 3.85 ps) states, which are

. 1 1
given by — = —
TLH2 TET  TSPH
mentally measured lifetimes of spheroidene in the LH2
complex (tppp1 = 60 fS, Trpao = 200 fs, and Ty, = 2.6 ps) and
in DMSO solution (tsp.1 = 120 fS, Tspr = 550 fs, and tspy.3 = 8
ps),”>*® respectively. The energy transfer efficiencies (Pgr) are

, where try, and 7gpy are experi-

. T 1
then determined from ®gp = ﬂ, yielding values of 50% for
TET

S,, 64% for Sy, and 68% for S, states.

In addition to overall EET quantum yield of spheroidene to
BChl, internal conversion between excited states needs to be
considered. Specifically, 50% of the initial S, population
undergoes internal conversion to the Sy state. The Sy state then
transfers ~32% (50 x 64%) of the total energy to BChl, while the
remaining ~18% (50 x 36%) is internally converted to the S;
state. The S, state subsequently transfers ~12% (18 x 68%) of
the total energy to BChl, with the remaining ~6% (18 x 32%)
relaxing to the ground state S,. Therefore, the total contribu-
tions of spheroidene to BChl energy transfer are quantified as
50% from S,, 32% from Sy, and 12% from S, yielding an overall
quantum yield (®arr) of 94% (Fig. 5b), in excellent agreement
with previous experimental measurements.*”

Theoretical studies suggest that structural distortion can
break the C,, symmetry of carotenoids, thereby enhancing
coulombic coupling between the carotenoid S; (2A,~) and BChl
(Q)) states.”” Consistent with this prediction, our FSRS results
identify the dynamic structural distortion of spheroidene in its
S, (1B,") state, giving rise to distorted intermediate Sx (3A,")
and S; (2A,7) states. The involvement of such structurally di-
storted intermediates has been widely recognized in natural
light-harvesting systems.'”***® Photoexcitation of carotenoids
induces subtle backbone twisting, which enhances coulombic
coupling to nearby chlorophylls and facilitates carotenoid-to-
chlorophyll energy transfer."”” In our case, the structurally di-
storted intermediates of spheroidene may act as effective
channels for ultrafast excitation energy delivery to BChls.

Conclusions

In this work, we employed FSRS to directly observe photoin-
duced structural change of spheroidene in its S, (1B,") state,
leading to the formation of subsequent distorted Sy and S,
(24A,7) intermediates. These results resolve the long-standing
controversy regarding the Sy state: we show that BLA reduction
and backbone twisting drive an energetic inversion between the
3A,” and S, (1B,) states, thereby establishing a distorted Sx
(3A,7) intermediate that mediates the S, (1B,") — S; (2A;")
relaxation pathway. Quantitative analysis reveals spheroidene-
to-BChl energy transfer efficiencies of 50% from S,, 32% from
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Sx, and 12% from S; states, yielding an overall efficiency of 94%
in excellent agreement with previous reports. Photoinduced
structural change not only activates the dark 3A, ™ state but may
also enhance coulombic coupling between spheroidene and
neighboring BChl molecules, thereby enabling ultrafast and
highly efficient carotenoid-to-BChl energy transfer within the
LH2 complex. By linking structural distortion with dark-state
mediation, this study provides new insight into how photo-
synthetic light-harvesting systems exploit optically forbidden
intermediate-state pathways to achieve remarkable transfer
efficiencies.
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