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Femtosecond Time-resolved Spectroscopies of the Excited State of the
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Abstract: The ultrafast excited state relaxation dynamics of all-trans-Astaxanthin ( AXT) in Dimethyl
Sulfoxide (DMSQO) was investigated using femtosecond time-resolved transient absorption and multiplex
transient grating spectroscopies. The results reveal that the S,—S, absorption transition directly occurs
in the AXT/DMSO system, which corresponds to the ground state bleach in the 420 ~550 nm spectral
region. Internal conversion that is ascribed to S,—>S, transition takes place on the time constant of 120~
160 fs. The excited state absorption of the S, state corresponds to the region of the 550~740 nm. The
recovery progress of the ground state bleach corresponds to the internal conversion progress, which is
attributed to the S,—S, transition and occurs on the time scale of 4. 50~5. 50 ps.
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GEMYT . AXT AUAEHRBR BA ARG PR A0+, M HE e Kt g Rk P E A = E RS, N
T AR A ) e 2 ad B IR B 405 RS R L AXT AP AL RE 1 2 oAb 2 W % i 1o £50° IR e ik
JZ W B Tolk  BE 2 Tl 37 5 A0 Ak A5 0y 1T 3 5 AR M LA Y S RE T R E N B A G TE R
A DR AOR S KB )2 ), SRR TR A E A Re AL 3 MOGEC PR R B b R 3 B S TR
Py AL EALE S XU R IR T S TR R S AU PO R TE Y 7 B8 D R MR SR TR B AR L R
T e P T Aot TR Ao AR RN SR A A T D FOR SRR T 2R N E M H TR
A R 3t P A R Tl AR

AXT fese ki 2Bk T A & C-C 8 R4 « i TR E L e —4 C=0 fm 4~ O-H I
Y i AXT W3S S, FsE — i kS S B A [ A X FRPE . 33X WA o 728 22 (8] 19 BR AT Ol 22 48
1B, HEIA AXT PO AR HERT R M EARES S, WM 17 S.—S —S, i 5E it N 7%
(Internal Conversion, IC) 4205, F 8 FEILAE [ (Ground State Bleaching, GSB) (&K E (Ground
State Recovery, GSR) . ¥ & & it (Excited State Absorption, ESA) %2 # & %t (Stimulated Emission,
SE) JLANAR . #fe AXT #k SR # b IC A GSR & A4 my it RUEE . PL & GSB.GSR il ESA #y
AP PEAR B, MIRREE D RAECH1EH 4 o 72 b 09 68 & 4% 28 2 6e iY 4 FRAL ) Ao ik 2% B i 2 53
S

FaSoaigkH AR CnIEgR &5 RS SIS E AR A REHR I IR R I Rk A AR I A OCAE B L F R
TP [R] 43 B AR O R A By kB L TR B[R] 4 BEBR S WOE 1 (Transient Absorption,
TA) HEYE I 406 1% 1 U P IR 47063 (Four Wave Mixing, FWM) 2519090 585 | #4003 5 R g i 48
R R R BRI B) J12EA5 B (R B F IR R T R 9 b 5 4y TR A RE SE LR A L i I T
Sy PR, HARAS OGS PO S S B RS . AT IS S 2B 0 . R RE X TR 20O R T
RORARARIIR R . Ok B AEW KGR BRI, TA G H AR R 2 2 4b J2& N BE #8 I B ok 7% v AR O R 8k
BB Rh. SR . P M 4R S DGR 4R IDE RS (Multiple Transient Grating, MTG) J6igH R e TA $%
AR R A, Xl T A SEITCTE AR T ELAT S OB 5 R O B O B N 6 BT S 3R A A - O R
IE H TE T RIS T O R B BRI Rl 534, Tahei Tahara %5 3% T CRP RS of i ol 2 56 3% B AR
(Transient Impulsive Raman spectroscopy) 2 #5iM #| Stilbene 4 T Y B M AL AR Pead #2127, SR iZH A
Vg T 5019 15 25 R M1 5 3 ot e L o R 4 A SR Bk B R, O HLZE SR MO Ik v 58 B /D T B S 8 = 1 i 3
JE . SRR AR AR B R R s A . Rk, TA I MTG W5 Fh R I A] 23 HEH PO 1S 45 R i A 45 & fe B i
AR AXT B ST 5r AE Y 3 1445 .

1 K5

L1 A7 5k

R BT EA 8 b R AXT (420 1T Sigma-Aldrich, fff B (1 — H 3£ 17 i (Dimethyl sulfoxide,
DMSO) 1T Aladdin (GR @44l M5 45 45 €O (Spectra Physics, Ti: Sapphire, E) Ok
WAL (Bruker Chromex 500 is/sm, 3&ED B i # 5 3 % CCD (Andor DU440, &) K] W43 6% g it
(720PC #1, Iifg).
1.2 TA #1 MTG B2

TA Fl MTG PG H R © A Je i B IE TAE P A7 T IE AR AR TA S2i b, B OPA 7 /E
(1 530 nm Y CRP KR & Ot . 800 nm KRB ik vh B £5 7 Ik 8h K b v T R AR 1 7 22 1% (White Light
Continuum, WLO) #4306 AH S 0 W H G, Hh — K EDCE IS %00, 1o — 3 DGR I ERMDOG . Hm
TV 22 420~750 nm. SEEG ST A R AR T3 ) AR TR DU G 8 i 4R Tl S JBE AR (54, 7).

£ MTG 255, 800 nm BOL Ik h it BS, 43 A (9 = 1) 43 imisR . Horp — 3 kb (90 %0) ¥ A 5
OPA v, fdi Hugy P i K R 530 nm 8 RD Ik . 3% Bk wh Bl 43 o BS, (1= 1) 43 1l BE % AH 25 1 15 o %
Gyt F ko) s EAIVES MTG BIZEHYG. 53— 3 (1026) 800 nm MGk i i Bi R AL 8] AL O, fhfk L=
A4 WLC, BfER MTG RE MBI (ke s HAARE W EI KL 510~610 nm Z[H]. 78 LK H = FO6M
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ke dh . T EOERE N 1 mm BRE A AP BE R AL B DL — R R iz 3. 78 MTG Al TA St i & 1
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H1 AXT @ FH4MTERA
Fig.1 Schematic of molecular strcture of AXT

C=0 #1 H-O thagH ., X & AXT K3 FRPE

z 10
R H A G RE R A R, AXT 78 DMSO ¥ 5 |
(AXT/DMSO) H iy B 25 W 056 3% 1 2 7 7%, £ o8
193 nm &b B W I KB U R S, S, WYBREE, X £ 06
B TR N E S, S, HRRT b X FREE 1|0 = sl
FGEAIT: A5 AXT 5 F ot iy T J6 40Py 2 4 o s
F AR B IR [ K C=0 F H-O I i H 1 47 E 02
TE . B8 S5 B0k G S VR 10 55 40 A B 38 B 30 45 5 of . . . . . .
*@ EI’JJJ[I ﬁ:m—w ] 350 400 450 500 550 600
Wavel h/,
2.2 AXT MBSHHN TA ik —
RHI 530 nm KBHOLHE AXT/DMSO k& o B AXTSRBSAER

. . . Fig. 2 Steady-state absorption spectrum of AXT

J o AEARRVAE LB TA et 3¢a) BiR.  DMSO <olvent

AXT/DMSOfE % 1) TAYG i 5 32 81 #1420 ~550 nm
Z I GSB Gk, LA B 5 9 GSR i iyt Ak Tz 6153 Bl . A& XT3 th 3628 S, 258 Mk il
B S KT (S;—>S) » JaBAX M EHE—EES S FIRE S, WEWE (S,—>S). i F 550~740 nm Z [f]
() ESA SGigaly , EEXN T —EBAS S M &M A RHESNIKT (S—>So.
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(a) TA spectra of AXT/DMSO system measured at (b) Time profiles of the TAoptical density at three different
different delays times upon excitation at 530nm wavelengths and best multi-exponential fits

The linetic data at 500nm was inverted
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(c) Time profiles of the TA optical density at three different
wavelengths for the same data with a short time scale

B3 AXT/DMSO & & & £ B FE M 4L M & 8 TA G A = A0 B KA 8 TA B2 5 % oy it 18 & i 2
Fig. 3 TA spectra measured at different delay times and time profiles of the TA optical density at three different wavelengths
for the AXT/DMSO system

SAREPE A AL TA S22 5 i (B AL LA an & 3(b) TR (Her, [ 3Ce) Shy [l — B50H08 7 55 i B 1)
ROEE N BB 12 Ak B X F &K s RN G S|k 1 iR, B, AXT/DMSO &
B R TR B ) 0 bR s e B 500 nm K &b B 4R X AR ZR 0 GSB ik B, HE g e A
)% &R 7, =5. 58 ps. 7E 620 nm P KA ESA B30 I 20T A e 8RR B A, BEfRA T WA
P, B B R o =120 fs (9 E T4 F oo =5. 41 ps FWRAY. (HAF A 0 = 120 fs i Ja]
WM, KR KA S,—>S, IC MR, BIf S, 8] S, /9 IC B Al & &, XN EVIHRMAES S, 1Y
P F A M F 675 nm P KA AXT/DMSO 8 GSR 8l /12 (FL )% &4 3k . =5. 19 ps)
THARM S EE S, =il

F1 BEX AXT/DMSO F & TA X FEEHNHEELITRENREVDSHEEE (1)
Table 1 Best-fit time constants (7) obtained from the analysis of the TA optical density intensity
time profiles of the AXT/DMSO system

Wavelength/nm 7 /1s 72 /ps
500 - 5.58
620 120(-Amp) 5.41
675 - 5.19

2.3 AXT HRESFHER MTG 3tig

a4 pr s i AXT/DMSO R R 19 MTG il J Foi B2 O iR A [l 4k GHerpry 18 4 (o) O i) — %
e I 1) RUBE PN 9 3l ) 2 Ak D . T B 28 A PR I 3B K 43 591 4 520 nm 560 nm AT 600 nm, HE 4115351
AT AXT f TA GG i GSB R ESA SR iy, 75 86 i 1 4b 15 /4 3 J) 27 B % $2 1 A )¢ AXT/DMSO
K% GSB.GSR FI IC it B E 25 B, & 4(a) sy AXT/DMSO & R AEA R IE I 4b 1 MTG 6. i F

1.0 = Ops . ——0.13pg 1.0
= —— 0.18ps N e 0.32ps o
= Pl === 2.45p9 s
< 08} 1.25ps P - < 08
‘E‘ —— 4.69ps V." Y 8.13pg %‘
5 —— 18.75ps s 5
2 o6t P £ 06
o) Excited pulse | A S
= S ~
3z 04 = 04
s iy
= =
E 02 E 02
=] ]
Z Z

0 e f = 1 i 0 -
500 520 540 560 580 600 620 0 5 10 15 20 25
Wavelength/nm Delay time/ps
(a) MTG spectra of AXT/DMSO obtained at different (b) Time evolutions of the square root of the MTG
time delays after excitation at a wavelength of intensity at three different wavelengths and
5350nm best multi-exponential fits

0832002~ 4



FEALAR L 25 . DMSO 57 P All-trans-astaxanthin J#{ & 25 (%) CEP A [E] 2 B8 OG5

< < < =
~ N o (=}

<
o

Normalized Ill? intensity/(a.u.)

0 il 1 1 1 1
0 0.5 1.0 L5 2.0 2.5 3.0
Delay time/ps

(c) Time evolution of the square root of the MTG intensity at three
different wavelengths for the same data with a short time scale

4 AXT/DMSO fk & 7£ £ [F ZE B 4L 3K 4% 89 MTG K& = A F B K K& (MTG % £ 6y Bt 5] & b 3T £2
Fig.4 MTG spectra obtained at different time delays and time evolutions of the square root of the MTG
intensity at 3 different wavelengths for the AXT/DMSO system

MG WLC B [F, MTG 5 # G E S TA 3R 89615 A X, K KIEFE Y 500~620 nm. B A
PR 52 55 79 ' 3 i 1 3 LA R 25 5o (R X il AR R R A 3l ) 2 R A AR s e, SIS B R S R
B AXT BOERZ 5B . =D ARE RG22 B sAEUG S ' mE 2 Pos. B, X T
T GSB XH A Y 520 nm Fl 560 nm K, P F # R I B RAGRA e 58 BORBOL W, XN E K RESITEA
HF A (v, =4.67~4.98 ps). #Rifi. X AXT/DMSO & &7 600 nm AMFAE 3 J1 24 B4 48 7R T 94~ 3h 1
ok WRE BN ¢ =160 fs 1 BTy . LA R[] &893 B0 o, =4. 50 ps WY s>, X — R BT
15y (o =160 ) BEHIA N TR M S, 81 S, (9 IC WHRIE &, XFRE S, AR 55—
Sy WRBM B EER S, MW HAr (r;=4.50 ps). B Hr el F1, TA Al MTG A8 PO 15 52 56 45 3 —
. R AR T AXT/DMSO 1 2 8 3 % 55t ¥ 30 g 221t 72
F 2 @I AXT/DMSO % MIGSEEMKEEX S TGN REMNEEE ()

Table 2 Best-fit time constants (z) obtained from the analysis of the MTG intensity time
profiles of the AXT/DMSO system

Wavelength/nm o /s 72/ ps
520 - 4. 67
560 - 4.98
600 160 (-Amp) 4.50

3 AXT BARSHI B ALEH

7E AXT/DMSO 1A F s PR A 248 it B Hl
faE 5 s, R RERT AXT L S,
530 nm RO BRI AXT 3R 3% — ik
A S,, GSBOGIEL IS 420~550 nm; BHE K 4E
P A R BN ¢, =120~160 fs )\ S, B2 — L5
WA S M IC o ., ESA J& % i [ o 550~ So
740 nm; B J5 8 o B A REE A o, =4, 50~5. 50 ps
) GSR W IR R S, A HF RS S,.

ESA:620nm

4 g B 5 AXT/DMSO kR #y e AR &M Ay #mH ot
Fig. 5 Energy level scheme and dynamical relaxation
ARSCIE o R CRM S R 43 TA 1 MTG i process of the AXT/DMSO system

FoAR L HEE T AXT £E DMSO 35 57 v (9 Pk A5t ¥ 3 J1 2 L S g 45 R 3R T 25 1T 530 nm RAMEOL
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