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Real time observations of vibronic interactions between pigments in photosynthetic
light-harvesting antennas

Daisuke, Kosumi
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We developed extremely short 5 fs optical pulses and ultrafast coherent
spectroscopic techniques to clarify ultrafast energy transfer dynamics of purple bacterial photosynthetic
antennas. Quantum beats signals originated from electronic coherence between the B800 and B850 molecular
assemblies in photosynthetic antenna LH2 were clearly observed by means of 5 fs coherent spectroscopic
measurements. A Fourier analysis of the quantum beats signals shows that multi-modes electronic
coherences are formed between B800 and B850. The results suggest that the multi-mode coherences play
roles in highly efficient energy transfer of purple bacterial photosynthesis.



B X C—19, F—19. Z2—19 (GtH)

1. BRSO 5
AEAMBEONERT T FTRTIE, N7 T
VAdosuamz ot has ) A4 RO@GES
TREN, VU 7ROy T 2EREE L,
AT B AT AR E DR e itk - [REZAT
2o TS (K 1A), (B), FLEAHIEHRD
BT T PRI, JHRT T LH2 &
a7 7 7 F: LH1-RC (RC: S D) A FAE
L. OB EABER CREFREMIZ 2 K
JehdA4 %5 Z & T (X 1(C))., /I
TRF—BEDEEE (~100 7 = L M)
OENER (~100 %I TN TV 5,
THEDS NI BIT ST L —7 Z)—
& LT, IARAMEEIC IS 1T B MR EL D L A
7 — U 5 2 ot Ay EHI A W T S et
FIZE0, BT T FITHEET H0HESS
T (RN T VAT VEOEFaE
— L AN LRl ERET 5 2 &
Nz, Zoab—L AT A RE
FoTRICRIT DR X—(xERFM (100
7 A M) EEBRETHY ., A
TR — R, AR FRIICA T D 2
E— L ARFMWNICEES Z & 2R LT
by DEVD, NAKRT VT T RITHEAT LA
FOTREOBEIRET, R TR EER
(BRI FF HAE RN L 0 Bhitd A IR 2
HLEZOND, DL RFRTIE, T
FX—BENE Z S8, oM EER
OISy TREET— N (K IRE))

(CHEICRBR SN D ETPREND, TDT2D,

YA AT RV X — R D YR AR A iR
2 7o IiE, HRBRAY 72 ] E e 2 8L T e 72
AHAIFEORENBLE L S D,

2. WHEDOHK
AWFFETIE, X 1R SN DA AME LS
BT T LH2 I8 W T ANy 7
VA rmaua 7 4 VS FICL VBRSNS Y
VT EE1B800 & B850 DD R )L F—FK
B4 A L7z, B800-B850 M — r/L¥F—
X, FiR T CIIEmE% 700 7 = A NRRR
ETEIAZENmLNTWS, —J, 2D
O EEER A r— L Cle 2 D BRI
* L. 99\ FRRIAE AR 2 JLHE L L 7- 2GR
TIHEBMICHATE 202 L e KRR

@ O 8850
Loooil- o3

L e <

Vit (o)

B 1: (A) LH2 I3 50t & pifasi D22 [MEdS & (B)

WAL A7 F b, (C) HERKEHR To LHI-RC &
LH2 D ZEfEReA,

RS LTEREN TV, ABFZE Tk, &
Y SNV ARER Ra e — L v My EEF
P2 ML L, TS Z2HWTHRERT v
TN B 4y - TEFE BAE H o SEREREFH I
WZED ., AR EZIT 2 L &
HEg L L7z,

3. WD HIE

(1)5 7 = & MR IV R FAEFEHTORLE

5 7 =5 MORUEEDG SV A EETT O T
D PAERT 7 A NN R EE A
(FemtoLasers 1, Custom Kaleidoscope HE) % &
ALTe, K2 IZEEOBIEZ R, 20
7 7 A 7 P4 HE0E 2% (Coherent, Legend Elite
USP-HE, H.00%&E 800 nm, ~</L A1 30 fs,
2L AR R L5 kHZ) B ) &5 SR E
30 7= b MOK L AR, FHH A (Ne E
72X ANZFRIE LTEHRZER T 7 A N—F & r
WTorZ LT, BOMHERZFHEL, AN
27 kUG 200 nm LA b ORBIR e A 36 AT
b ZOHNH N AT FGEICTHE SN T
¥ —7 I 7 —xt EMENTERFEENT D
Z&T, 5 7= MNPOMBREY VA E S
HZEMTED, MO v AO—ERIE, AR
BTHEALET Y Y45 ECHEBEZS
(FRAC) (FemtoLasers 1, Femtometer) % v T
2V AR O ERFE =2 —%1T o7,

(2) 730 7 = b MR EFELE
FERED 30 72 A NRFE YT AT H
IR AR D O A IR & Lok
NTZ A NY w7 BEE % (Coherent %L
Opera-Solo) & v 72, A7) 900 pd 1ZxF L.
Signal 3¢ (1200~1600 nm) (% 150~200 wJ, Idler
J¢ (1600~2400 nm)iE 100~140 pd O HF1203%5
b5, Signal, Idler Jtix 2 At — LAY
v A —=IZXVBBEL, ERENDI LA
*FUCIERIE LA (Type | BBO #dh) &
MW E 2 M AEICLD | BRI
600~1200 nm DR AIEN A4 5D 2 E N TE
Lo ZIUHDOFIVANL, AN THET v
—7IT7—%FHAWVWHZ LT 30 7=b FPLL
T VLV AJERE S LD,

(A)

Ti:sapphire Reg. Amp. | ]| P Elar ahande £ i . g
09ml. 1 KTz, 306 7 Hollow fiber chamber filled with Ne gas

{ N

5 fs, 400 1) ¢|'|
]

Thin wedge prism pair for a fine GDD tuning

|
Interferometric
auto-correlatar

! To spectroscopy

dband chirped mirrors

e g2 A y
B 2: (A) 2R T 7 A =YL R R
725 7 = & MG UL 238 AR OMINGE, (B) K
BRITSZRFE RN, (C) REARZICIH W THEEE L2 5
EWNRN IS WAV Lk ) A O g LAY =
v—L v MrtEHIER OB R,



Second hanonic of signal

OF4 BBO  600-1200 nan
Reg Amp Opera-5olo | Sigral or Idler _
Legend-Elite USP 1200~ 2400 n
800 rirn, 30 £5, 5 kHz, 900 WJ
B roadband chirped mimrors
Hollow fiber compressor = .

Bpectrometer D G A 3
Lens Lens anuple ?ff‘;é”nil“m""’
=T =200
BS Bea Splitter
K]
BS [Vaisble ND filter 7
I 1
:I Variable ND filter
B3
Compensation Plate
delay I de]ayI

K:37 = MK VAR RERIEY 7307 =
LRIV RAE W 3 UL Rak —L 2 My
FeRHHEE E OS],

(3)3 VR —L v Fr%EHE

1), QIzLvEon v AL, Y
— LA v H— BSIZLDV 3pEIEND,
ZDHIHL2/VAE, WEHBIAT — V%
WTHEEEAHIE L, &L AR O Z%
A LTz, ARBFZETIX, 3 7SV RE Wz
ME IR DUSE R A et 21T o 72, X4 1T0R
TEICTDOHHTFTIETIE, 3 2D LR
DFREHI ST 5 & ST CrEalElN
THNARE S R 2T Fra~ae—1 v
MEBBIH SN D, 3 DO L 2T, B
HEEHNTHE~AS L, BELEELED
— Oy FeEs i Lotk CCD I TR 21T

ST,

4. BGERE
(1) 730 2 FHM

B 5122k T 7 A =L A TERERR D
5OV AD AR LK TNFRAC % H
UNTEHII L 72 RE B CAHBERE 2 T, )
IIVAD AR NJVIEHZER T 7 4 N—%
HAT DT ¥ o N—NOH AJEIZ LV
A[HETC, 1.2 bar TALZ hIVIE (10 3 D—4
fig: FWTM)2% 230 nm (7 — U =[RS <L
g 4.8 7 = 5 MPITHEY) E CTIRAIEIE L.
MOENAN—T > k (>40%) & 2 ENME DS
bz, 7V ARIZA S BUREHRT v — 7 2
T—KRYESAEEN T =y T A%
AW Z & ChaifbaiTv, 77— U =R
FUZEW 5.0 7 = N MO AR E LT,

Four wave mixing signals

° 3 °
W ky-ko+ky

- - - Laser

Coherence (electronic or vibrational)
Energy dissipation
System-bath interaction

coherenttime  population time  signal time
T T t

pulsel pulse2 pulse 3 signal

4: FERDUDLEIR A e DJRELN,

q
® b
'
=) i
G i v
s 1
2 ! ‘FWHM: 80 nm
= i
AR
P\ PWTM: 230 nm
A
L f‘ L V-, i L L L L 1 L ]
700 800 900 -30 -20 -10 O 10 20 3(

Wavelength (nm) Delay Time (fs)

X 5: (A) FX V77 AT HERBIBENPOHNS
TV A (H#R) KON, Ne A FRIE S 7z HiZesk
7 7 A N E AR DI A (ER) DRSS b
Vo (B) FRACIZ L W JIE S NTeHZERT 7 A /N —
OV R EMEERH T30 A DO REE B OB,
4 6 12 3 7~ /L A 53 FEHAR OFUEH E TR
& LT B E i 7 — b (FROG)IEIZ L %
Vv ADH B AT, aEHIR

BRADEFEF T EHAN TSI, FT
DOFF OB RSHIC L 0 L 2 TR RS
TRIKNY 52T 5, —F . AT CTHELT
AT, ERFICI DM EEBE L, kil
OB HE AT S 2 & T, BEESEITD
BEIC ORI A S bS5 Z &7 <
RIS ATRE & 72 o 7,

(2 7 30 7= A MRSV REH N2
E—l v it

KEREYT 30 7 b NP SLVZEH
Wiz a e — Ly MERV R IR G 4 Rl
FERA 72T, ke LT, mEEY -
BEHROARAFE I/ e 7 ba LiLE
MEHE OB T 75 LH2 W=, 7
o7 4balir7 hUoRICEEL ., LH2 1X
A BNED O AR L7212, A58 5
72 & FAIE MR 2 D CRE TR PSR L
776

Jan 7 v aORERISERIRA 3 e
Tix, A2 25~100 7 = A FRREDOa b
— L v MEEIDEFREBICHKRT HEFIC
HEINIETHUMINZ, ab—L 2 ME
TR OREMM L, 7 — U ZEWWAEIT o T
& Z A, 300~1300 cmt DIEE)E — R A &
Nz, ZNHOESET— NI, EHI~w
YTHBHIENS 7 na 7 )b a DEERED
DTIRENE B LA Z Enn, Bllsh
Toab—Lly MREENX, BT ~ mRIc &

auto-correlation 26.0 fs
( A pulse width 19.8 fs

i

auto-correlation 7.2 fs
pulse width 5.1 fs

~
Intensity g

Intensity

Wavelength (nm)
Wavelength (nm)

-40 -20 0 20 40
Delay Time (fs)

B 6: JEIEO L — bk (FROG)Z HIV TR
SINTZ(A) FZERT 7 A =N OV A LR )
FOVAR, (B) KT A R U g S O M
7170V 2 OREfE B CAHBIE Y.

-40 -20 0 20 40
Delay Time (fs)



(-
z
£
&

R
DeE Thef) Wavanmba (e’ Wevamber (cr)

K7 (A 7Tk b/EPO)ﬁ = 1:174'/I/a&()\(B) HL
EHEHROIER T v 7 ) LH2 1281 S #EiR I
MR G 3 A,

SThERENT-EEZOND,

R EDCA R T 77 LH2 TiX, ARk
MENT TV T 7 o anl o TRE
SEERRT S 2 212X v . B8O & B850 ™
2 OOWILH 2R, ENE ORI 2
45 6 /L A Z F D CHig 1B U 6 IR IR A 4y
KFHREAToT2E A, WP Lae—1
v MEBIABHI SN, 7— ):mm;@ﬁ
HEN7-F— FiZ 160 cm DIREITH Y |
JTVAITea T 0 abds %W%@k%@
b,

(3) 5 7= b MKV RIZ K BHERATE
SFHEEBETFaE— L RAOEH

AWFFECTHEE L= 5 7 = & ML R %
FWT AR G R T > 7 LH2 12361
DAEIRIUSER IR A Rt 21T - 72, X 81
RT X D5 7 = b ML AL, 200 nm
PLEDRBIRHR A~ h v Z2Fo72 %, B800
L B850 DRIEHIE N e L 725, £ZT. 5
7 = 5 MYV A& VT B800 & B850
ZIRIREREE L, 2 DO GROMAEIERICHE
EINDHETaL— L 2RO EZRAT,
ZORER, TEIRAE & I IRENE <20 —7
= b M BERM<1I00 7= b POt —
Ly MREEISIREICEN S, 77—V =fif
rickv., Bllllsn/—aev—1r o MEEFIA 3

(A 1

Infersity

pi o piiv i
Delay Tims (5) Wavermber (eri”)

ES%MS%%NwX®X&ﬁ%w&@Uﬂ@W

INA~RZ Fv, (BYLH2IZBIF AT VA7 n
17 4 G DZERES, 5 7 = A MO LR
AW EEIRE S ENC BT 2 (C)®FE
— MEBED)EDT— U AT ML,

DODFT— RPLER I, FHERREEIZHBIT S
NRI7F VA a7 4 )LDb %?&%ﬁc‘: 13 B
MEIZ R TWBZ N hol-, £2. B
HE R 2% %2 %2 & T, B800 & TN B850
(kT srae—L o MEEIEZLRKRLEZEZ A,
W OE S FHENBH S TS Z &
26 AE 5O B800-B850 [HDE 7= b
—LRIZHKTDHEBEZLND, —FH,
ENFMEFa L —L L RAICHEET IR
E— FE—FR3OBHIENTNDZ b,
B800 % 7-1% B850 DHF T INHE - IEEhEhE IR
ARG LTV Z Rl S5,

@ £LHLEH

AT Tl W RDE SV 2R A L Y
b — L MAEERIERT 2 VTR A AR
i%»#—h%ﬁﬁ@%%%ﬁ0ﬁ0$ﬁw
TR L 2 Bl %AWT/?Tﬁ
&U%h’#Aﬁééiﬁ%% BT B
FHRE) - B2 b — L RIS RVENAL
EEDHT LN TE, FFIZ5 7= b MR
VA R WTALEME SRR T 7 T
T AT, TR F—(mEERICBWT
BFZSF~ LV TFE—FNEFfazb—1L &
DR & 9 FEFITBLBRIEWRE R 2315 5
oo —H T, ZOXOEFaTL—LIAD
HOo IRF ] 1 = =k L — {zsj%H#Fﬁot D Hixd
DIZFN =, LA RPIEIERIC T 558
:E—V/xm IR S 237 o T
AN %i%&éﬁmﬁ%%%ﬁ 21T 9
LEblo, AR TR LN EET LV E
Ltﬁt@@ D RERL I D FE B S W S 4
2o

5. FERFEER
(MEstam ) (Gt 16 )

1.  D. Kosumi, T. Horibe, M. Sugisaki, R.J.
Cogdell, and H. Hashimoto,
"Photoprotection Mechanism of
Light-Harvesting Antenna Complex from
Purple Bacteria”, The Journal of Physical
Chemistry B, 120, 951-956, 2016.

2. D. Kosumi, T. Nishiguchi, M. Sugisaki H.

Hashimoto, "Ultrafast coherent
spectroscopic investigation on
photosynthetic pigment
chlorophyll a utilizing 20 fs

pulses", Journal of Photochemistry and
Photobiology A: 313, 72-78, 2015.

3. A. lto, A. Shimizu, N. Kishida, Y.
Kawanaka, D. Kosumi, H. Hashimoto, and
Y. Teki, "Excited-State Dynamics of
Pentacene  Derivatives Having Stable
Radical Substituents", Angewandte Chemie
International Editions, 53, 6715-6719, 2014.
(Inside back cover picture (Z£%H)

4. D. Kosumi, T. Kajikawa, S. Okumurai, M.
Sugisaki, K. Sakaguchi, S. Katsumura, and
H. Hashimoto, "Elucidation and Control of
an Intramolecular Charge Transfer Property
of Fucoxanthin by a Modification of Its



1.

(F=FEK)

Polyene Chain Length", The Journal of
Physical Chemistry Letters, 5, 792-797,
2014.

D. Kosumi, K. Nakagawa, S. Sakai, Y.
Nagaoka, S. Maruta, M. Sugisaki, T. Dewa,
M. Nango, and H. Hashimoto

”Ultrafast intramolecular relaxation
dynamics of Mg- and Zn
Bacteriochlorophyll a”, The Journal of
Chemical Physics, 139, 034311/1-8, 2013.

Gt 47 1)

Daisuke Kosumi, "Material science as
revealed by ultrafast  spectroscopy”,
International Symposium on
Interdisciplinary ~ of  Pulsed  Power,
Kumamoto, March, 2016 B#§3#%®
ANEREE,  TEEE S TELD A R
B haT A FOJNHERE) | # 29
Ml w7 /A FOFERGEEZ, R, 9 H,
2015 - {BHFERE

H. Hashimoto, D. _Kosumi, R. Fujii, M.
Sugisaki, M. lha, K. Sakaguchi, and S.
Katsumura,  "Ultrafast excited state
dynamics of marine carotenoid fucoxanthin
and its homologues”, Light-Harvesting
Processes (LHP2015), Banz, Germany,
March, 2015. {B#F&H

H. Hashimoto, D. _Kosumi, R. Fujii, M.
Sugisaki, M. lha, K. Sakaguchi, and S.
Katsumura, "The secret of highly efficient
light-harvesting antenna found in brown
algal photosynthesis”, 2014 International
Conference on Artificial
Photosynthesis, Awaji, November, 2014. 8
reRE

H. Hashimoto, D. Kosumi, R. Fujii, M.
Sugisaki, M. lha, K. Sakaguchi, and S.
Katsumura,  "Ultrafast excited state
dynamics of marine carotenoid fucoxanthin
and its homologues", The 17th International
Carotenoid Symposium, Utha, USA, June,
2014. HBFRA

Y. Teki, A. Shimizu, N. Kishida, A. Ito, Y.
Kawanaka, D. Kosumi, and H. Hashimoto,
"Photoprotection of Pentacene Derivatives
Utilizing Excited-State Spin Dynamics" ,
The 7th Japanese-Russian Workshop on
Open Shell Compounds and Molecular Spin
Devices, Awaji, November, 2013. 84§58
b

D. Kosumi, R. Fujii, M.
Hashimoto,  "Ultrafast
dynamics of marine
fucoxanthin", 2nd Natural Pigments
Conference for South-East Asia
(NP-SEA), Malang, Indonesia, July, 2013.
BErRE

D. KOSUMI, T. HORIBE, M. SUGISAKI,
R.J. COGDELL, and H.

lha, and H.
excited  state
carotenoid

9.

10. D. Kosumi,

1.

(X))

HASHIMOTO, ”Quantum coherence
between B800 and B850 assemblies of
light-harvesting complex from purple
bacteria observed by 5 fs optical
pulses”, 2014International Conference on
Artificial Photosynthesis, Awaji, November,
2014.

B REE, A 7, B, R
Cogdell, f&AFM, [R5 7= b
Bk v 2 &R EGRT o7 I
BIFoEFE— OB, L—Y—%
DRSS 35 BMERRE, U, 1
H, 2015 4

S. Maruta, R. Fujii, M.
Sugisaki, S. Takaichi, R.J. Cogdell, and H.
Hashimoto, ”A Regulation of Energy Flow
in  Purple Bacterial  Photosynthetic
Antennas”, 19th International Conference
on Ultrafast Phenomena, Okinawa, July,
2014.

Gt 1 )
WA, AT, ANERE, ik
i, "B RBSICBIT A E T RLF
—HE AN = AL, O, RS
YA s A = X A", 43, 249-259,
2014.

(& DAh])

R—b_R— U
http://phys.ipps.kumamoto-u.ac.jp/kosumi/index-
j.html

6

. WFFERAA

(D) WrFezRE

/NPE K (DAISUKE KOSUMI)
REAR K « 7L R T —RPEFSE T - U

ot

WFgeE 5 70613149



