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Fig. 1. Pulse duration of (a) Raman pump pulse and (b) actinic pump pulse.
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Fig. 2. (a) Steady-state absorption spectra of spheroidene in n-hexane and DMSO solutions, normalized at 0-0 transition peak. The

upper inset shows the molecular structure of spirilloxanthin, and the right inset illustrates the corresponding electronic energy-level

scheme in ground state structure. (b), (¢) Ground state Raman spectra of spheroidene in (b) n-hexane (20 °C), (¢) n-hexane (40 C).
(d) Ground state Raman spectra of spheroidene in DMSO solution at 20 C.
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Fig. 3. (a) Two dimensional transient absorption spectra and (b) corresponding DADS spectra of spheroidene in n-hexane solution at 20 C.
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Fig. 4. (a) Femtosecond stimulated Raman spectra and (c) corresponding dads spectra of spheroidene in n-hexane solution at 20 °C;

(b) femtosecond stimulated Raman spectra and (d) corresponding dads spectra of spheroidene in n-hexane solution at —40 C.
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Fig. 5. (a) Kinetics of the FSRS signal of spheroidene in n-hexane at 1700 cm™! measured at 20 °C and —40 °C; (b) kinetics of the
FSRS signal at 1805 cm™! in n-hexane at —40 °C; (c) kinetics of the FSRS signal at 1815 cm™ in n-hexane at 20 °C.
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Fig. 6. (a) FSRS signals from spheroidene in DMSO (20 °C) and (b) the corresponding DADS spectra; (c), (d) kinetics of the FSRS

signal at (¢) 1705 cm ! and (d) 1800 cm ™! in DMSO at 20 “C.

XTSI sh J12E . Fk, ECERRT
() IR AR FSRS SE K A H A BRIE MG 76 So( 1B])
1 Sx(3A, ) AT AL B o A f 4t 1o
kTR BT P S B I B

4 % i

A TAEFH CRD3Z BP 2o B 0 T Bk
A S,(1BF ) & M Sx BT EIE S 45 AE
., X L ALk — 25 IR Bl T B S % i 4 it
1 S1(2A, ) & BIREREE TRBILCEXT Sk
BATAL, B Sy FHEIR A BHA B = iR sh ks
(S A, TR — T g R ] A A % ]
BT BUER B T EOE 46 0 T B 2AE 3R AT Y 3))
S, X—HIAEAES T 3A, 5 S,(1B)) &
Z IR BB, NI 3A, SR IS Sx 25,
AT Sy(1BF) — Sy(2A, ) M.

AL 25 Rl b [RIATE R AR S AR R R o
C Iz R S N RIEOIMR G KA
BT S B P i SR 2 T 0 2 i L S5 4Rl 4 R
S FZIE M PG, WA SEREH S b &R
] SRR IOR R . TEAR TAE T, BB
(R 25 AL P ) S AR T BE R AR 7224 T — 45 s

By oFmiE, AR T A AR 0 RPN UL g
i, X —HLHI B AT R ZEERLL AN TA (Rhodobacter
sphaeroides) M RLEZ A Y 2(LH2) THERIE M 1)
A 2% 3R ik 96% HYRE L RS AR 1B it s)1
2 TR, ROk, ATt — 2 RGEWITRERIE I
TERIROCR L b B S S5 8 T2, AR
RE L RE BT 0 B

S 0k

(1] Telfer A, Pascal A, Gall A 2008 Carotenoids in
Photosynthesis (Vol. 4) (Basel: Birkh#user) pp265-308

[2] Kosumi D, Horibe T, Sugisaki M, Cogdell R J, Hashimoto H
2016 J. Phys. Chem. B 120 951

[3] Cong H, Niedzwiedzki D M, Gibson G N, LaFountain A M,
Kelsh R M, Gardiner A T, Cogdell R J, Frank H A 2008 J.
Phys. Chem. B 112 10689

[4] Chi S C, Mothersole D J, Dilbeck P, Niedzwiedzki D M,
Zhang H, Qian P, Vasilev C, Grayson K J, Jackson P J,
Martin E C, Li Y, Holten D, Neil Hunter C 2015 BBA -
Bioenergetics 1847 189

[5] Zhang J P, Inaba T, Watanabe Y, Koyama Y 2001 Chem.
Phys. Lett. 340 484

[6] Llansola-Portoles M J, Pascal A A, Robert B 2022 Methods in
Enzymology (Vol. 674) (Academic Press) pp113-135

[7] van Stokkum I H M, Kloz M, Polli D, Viola D, Weilenborn
J, Peerbooms E, Cerullo G, Kennis J T M 2021 J. Chem.
Phys. 155 114113

[8] Durchan M, Tichy J, Litvin R, Slouf V, Gardian Z, Htibek P,
Viécha F, Polivka T 2012 J. Phys. Chem. B 116 8880

9] Ostroumov E E, Reus M G M M, Holzwarth A R 2011 J.

120901-7


https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/acs.jpcb.6b00121
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1021/jp711946w
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/j.bbabio.2014.10.004
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1016/S0009-2614(01)00451-1
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1063/5.0060672
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp3042796
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 12 (2026)

120901

[10]
1]
(12]
[13]
[14]
(15]

[16]

(17]
(18]
[19]
20]
[21]
22]

(23]

(24]

Phys. Chem. A 115 3698

Cong H, Niedzwiedzki D M, Gibson G N, Frank H A 2008 J.
Phys. Chem. B 112 3558

Sashima T, Nagae H, Kuki M, Koyama Y 1999 Chem. Phys.
Lett. 299 187

Rondonuwu F S, Yokoyama K, Fujii R, Koyama Y, Cogdell
R J, Watanabe Y 2004 Chem. Phys. Lett. 390 314

Ostroumov E, Miiller M G, Marian C M, Kleinschmidt M,
Holzwarth A R 2009 Phys. Rev. Lett. 103 108302

Feng J, Tseng C W, Chen T W, Leng X, Yin H B, Cheng Y
C, Rohlfing M, Ma Y C 2017 Nat. Commun. 8 71

Ostroumov E E, Mulvaney R M, Cogdell R J, Scholes G D
2013 Science 340 52

Ma T F, Ruan M X, Zhao R Q, Wang Z Y, Wang Y J,
Huang Y F, Weng Y X, Liu W M 2025 J. Phys. Chem. Lett.
16 6711

Wang Z Y, Chen Y, Jiang J M, Zhao X, Liu W M 2025
Chem. Sci. 16 3713

Lynch P G, Das A, Alam S, Rich C C, Frontiera R R 2024
ACS Phys. Chem. Au 4 1

Peng B, Wang Z Y, Jiang J M, Huang Y F, Liu W M 2024 J.
Chem. Phys. 160 194304

Chen Y, Wang Z Y, Jiang J M, Liu W M 2025 J. Phys.
Chem. B 129 7550

Miki T, Buckup T, Krause M S, Southall J, Cogdell R J,
Motzkus M 2016 Phys. Chem. Chem. Phys. 18 11443
Kakitani Y, Miki T, Koyama Y, Nagae H, Nakamura R,
Kanematsu Y 2009 Chem. Phys. Lett. 477 194
XuSN,LiuTY, Sun M J, Li S, Fang W H, Sun C L, Li Z
W 2014 Acta Phys. Sin. 63 167801 (in Chinese) [#EHE, XK
TC, PN, AW, B SCIE, INELRK, LR 2014 MRS 63
167801]

Kuici M, Nagae H, Cogdell R J, Shimada K, Koyama Y 1994

[25]

[26]
(27]

(28]
(29]

(30]
(31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]

(39]

120901-8

Photochem. Photobiol. 59 116

Pascal A A, Liu Z, Broess K, van Oort B, van Amerongen H,
Wang C, Horton P, Robert B, Chang W, Ruban A 2005
Nature 436 134

Yu J, Fu L M, Yu L J, Shi Y, Wang P, Wang-Otomo Z Y,
Zhang J P 2017 J. Am. Chem. Soc. 139 15984

Koyama Y, Miki Y, Kameyama T, Cogdell R J, Watanabe Y
1993 Chem. Phys. Lett. 208 479

Saito S, Tasumi M 1983 J. Raman Spectrosc. 14 310

Nagae H, Kuki M, Zhang J P, Sashima T, Mukai Y, Koyama
Y 2000 J. Phys. Chem. A 104 4155

Orlandi G, Zerbetto F, Zgierski M Z 1991 Chem. Rev. 91 867
Noguchi T, Hayashi H, Tasumi M, Atkinson G H 1991 J.
Phys. Chem. 95 3167

Koyama Y, Kakitani Y, Miki T, Christiana R, Nagae H 2010
Int. J. Mol. Sci. 11 1888

Furuichi K, Sashima T, Koyama Y 2002 Chem. Phys. Lett.
356 547

Koyama Y, Rondonuwu F S, Fujii R, Watanabe Y 2004
Biopolymers 74 2

Ragnoni E, Di Donato M, Iagatti A, Lapini A, Righini R 2015
J. Phys. Chem. B 119 420

Michailidou E K, Assael M J, Huber M L, Perkins R A 2013
J. Phys. Chem. Ref. Data 42 033104

Marek M S, Buckup T, Southall J, Cogdell R J, Motzkus M
2013 J. Chem. Phys. 139 074202

Accomasso D, Arslancan S, Cupellini L, Granucci G,
Mennucci B 2022 J. Phys. Chem. Lett. 13 6762

Ouyang S L, Zhang M Z, Hu Q C, Wei H Y, Wu N N 2018
Spectroscopy and Spectral Analysis 38 4 (in Chinese) [KKFHIR
F, SKRBET, BAPC AR, BRIGFE, ARG 2018 JGilk 4 5 6% i
38 4]


https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp105385c
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1021/jp0763681
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/S0009-2614(98)01278-0
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1016/j.cplett.2004.03.089
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1103/PhysRevLett.103.108302
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1038/s41467-017-00120-7
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1126/science.1230106
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1021/acs.jpclett.5c01220
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1039/D4SC07540D
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1021/acsphyschemau.3c00031
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1063/5.0200802
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1021/acs.jpcb.5c01529
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1039/C5CP07542D
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.1016/j.cplett.2009.06.057
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.7498/aps.63.167801
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1111/j.1751-1097.1994.tb05009.x
https://doi.org/10.1038/nature03795
https://doi.org/10.1038/nature03795
https://doi.org/10.1038/nature03795
https://doi.org/10.1038/nature03795
https://doi.org/10.1038/nature03795
https://doi.org/10.1038/nature03795
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1021/jacs.7b09809
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1016/0009-2614(93)87176-4
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1002/jrs.1250140504
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/jp9924833
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/cr00005a012
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.1021/j100161a040
https://doi.org/10.3390/ijms11041888
https://doi.org/10.3390/ijms11041888
https://doi.org/10.3390/ijms11041888
https://doi.org/10.3390/ijms11041888
https://doi.org/10.3390/ijms11041888
https://doi.org/10.3390/ijms11041888
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1016/S0009-2614(02)00412-8
https://doi.org/10.1002/bip.20034
https://doi.org/10.1002/bip.20034
https://doi.org/10.1002/bip.20034
https://doi.org/10.1002/bip.20034
https://doi.org/10.1002/bip.20034
https://doi.org/10.1002/bip.20034
https://doi.org/10.1021/jp5093288
https://doi.org/10.1021/jp5093288
https://doi.org/10.1021/jp5093288
https://doi.org/10.1021/jp5093288
https://doi.org/10.1021/jp5093288
https://doi.org/10.1021/jp5093288
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818980
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1063/1.4818164
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://doi.org/10.1021/acs.jpclett.2c01555
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
https://d.wanfangdata.com.cn/periodical/gpxygpfx201809020
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 12 (2026) 120901

Excited-state structural dynamics of carotenoid (spheroidene)
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Abstract

Carotenoids play indispensable roles in photosynthetic light-harvesting systems by mediating both light
harvesting and photoprotection, with their excited-state relaxation pathways critically governing the efficiency
of energy transfer to (bacterio)chlorophylls. However, whether a distinct intermediate state exists between the
optically allowed S, (1B ) state and the optically forbidden S; (2A; ) state, as well as its physical origin, has
long remained controversial. In this study, we investigate the excited-state structural dynamics of spheroidene, a
carotenoid with a conjugation length of N = 10, in solutions using femtosecond stimulated Raman spectroscopy
in conjunction with transient absorption spectroscopy. Our experimental results reveal a distinct Sy
intermediate with 3A, symmetry located between the S, and S; states, which emerges along with ultrafast
twisting of the polyene backbone. To further elucidate the relationship between polyene backbone twisting and
Sx state formation, we modulate the viscosity of n-hexane by varying the temperature. The lifetimes of the S,
and Sy states show pronounced viscosity dependence, whereas the S; state dynamics remain largely unaffected.
These results demonstrate that the Sy state is a distinct electronic state with 3A, symmetry, arising from a
photoinduced polyene backbone twisting that triggers an inversion of the excited-state energy levels. This work
resolves the long-standing controversy over the nature of the Sk intermediate in spheroidene and provides direct
experimental evidence for its structural origin. More broadly, it offers a mechanistic basis for the high efficiency
of carotenoid-to-bacteriochlorophyll energy transfer in natural light-harvesting systems, in which such

structurally distorted intermediates may play an essential role.

Keywords: spheroidene, femtosecond stimulated Raman spectroscopy, transient absorption, structural

dynamics
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