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X-ray absorption spectroscopy (XAS) interrogates inner-shell electrons strongly bound to nuclei, and
it enables element-specific investigation of the electronic and geometrical structures of molecules. The
ionization energy of an inner-shell electron, observed as the absorption edge, varies with the atomic
number and exhibits a “chemical shift” that reveals the oxidation state and/or chemical bonding of the
atom. Time-resolved XAS (TRXAS), which is based on the pump and probe method, utilizes the
unique performance of XAS for studies of short-lived chemical species and transient states of matter.
In this talk, we present a TRXAS study using SACLA with the total X-ray fluorescence yield (TFY)
method. The focus of this work is the photochemistry of ferrioxalate, [Fe(III)(C204)s]>, in aqueous
solution. Although the overall photochemical reaction of [Fe(IIT)(C,0,4);]” in aqueous solution is
known to be a photoreduction reaction, which is often expressed as 2[Fe(III)(C,04);]> + hv —

2[Fe(I1)(C,04),]* + 2CO, + C,047, the elementary steps of this reaction have not yet been elucidated.

Figure 1 schematically shows our experimental setup for TFY-TRXAS. The sample is an aqueous 0.1
M solution of ammonium iron(IIl) oxalate trihydrate, (NHy4);[Fe(C,04);]-3H,0. The solution was
pressurized using a gradient-flow high performance liquid chromatography (HPLC) pump and was
discharged from a fused silica capillary with a 50 um inner diameter. The central photon energy of the
hard X-ray pulse was tuned for the Fe K-edge by adjusting the accelerator conditions and the
undulator of SACLA. The X-ray bandwidth was decreased to 1.3 eV (FWHM) using a Si(111) X-ray
monochromator. The monochromatized X-ray beam was focused on the sample solution by a pair of

Kirkpatrick-Baez mirrors, which produced
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excitation pulse (100 fs) was the third FIG. 1 Schematic diagram of our experimental setup.



harmonic of a Ti:sapphire laser, generated using two BBO crystals for frequency doubling and mixing.
The pump beam was focused on the sample using an axisymmetric lens (f = 300 mm). The

cross-correlation between the UV and X-ray pulses is estimated as 200 fs considering the timing jitter

between SACLA and the synchronized laser, as well as an estimated UV pulse duration.

Figure 2(a) shows the observed X-ray absorption
spectra of aqueous 0.1 M ammonium iron(IIl) oxalate
trihydrate solution at selected pump-probe delay times.
The spectra reveal a clear change upon UV irradiation,
particularly in the region from the K-edge up to 7180
eV. The K-edge exhibits a distinct red-shift after the

generation of transient species by the 268 nm pulse,
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which indicates that the K-edges of the transients are

lower in energy than that of the parent. Figure 2(b)

shows the difference spectra calculated from the

observed spectra shown in Figure 2(a), obtained by

Difference (arb. units)

subtracting the spectrum measured at -3 ps from those

measured at positive time delays. Close examination of

the blowup view of the K-edge region, presented as

Photon energy (eV)

Figure 2(c), reveals that the magnitude of the red-shift FIG. 2 (a) Time-resolved X-ray absorption
spectra of an aqueous [Fe(IIT)(C,04)5]>
solution observed at various time delays.
The excitation wavelength is 268 nm. (b)
Difference spectra between those obtained
at positive delay times and that measured at
a delay of -3 ps. (c) Expanded views of the
reddest region of the difference spectra,
revealing a blue-shift.

of the K-edge subsequently diminishes within 3 ps. More
detailed analysis of the time profiles yielded two time

constants of 140 fs and 3 ps.

The most robust experimental observation is the red-shift
of the Fe K-edge energy. We have estimated the K-edge
energies (the binding energies of the 1s electron) of
different species using DFT with a dielectric continuum model and concluded the product is Fe(Il)
complex. The EXAFS feature also suggested dissociation of a metal-ligand bond. From the
experimental and theoretical results, we concluded that UV excitation induces a ligand to metal charge
transfer to reduce Fe(Ill) to Fe(Il), and then the C-C bond of the oxalate ligand dissociates. This
produces CO, fragment first and subsequently CO,". Thus, finally [Fe(I)(C,0,),]* complex is created
in 3 ps.

Reference Structural Dynamics, 2, 034901 (2015)
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Fig.2. Two-dimensional Electronic-Vibrational spectra of Betaine30
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Elucidation of photochemical processes in transition metal complexes
using time-resolved infrared spectroscopy

(PRESTO/JST1, Tokyo Tech?) OKen Ondal?, Sei'ichi Tanaka2, Tatsuhiko
Mukuta2, Masataka Funaki2, Kyohei Tannno?

[F] 354, =X —RESCREMBE ORI O 7= DAL 0 7 Tk % W T % 7o e aerE
W, BTN ORI EM, el SISEMEME R EPEAICBABE SN TV D,
ZOL D BRWEIZEIT D IEEE E L S BET H7-DICIE, EOEHMERTR P T IR REF
Wzl - T Z 2 BRViERE 2 EZRH, TORBNT 2 0ERH L, T2 THRAITZDOLED
RREE B L TR~ Il @ e T 2 B L. M IR CRm SSRGS Sl
HLTE[1], RBFETIE, Fi7zic 2o X 9 2WE TR VB H+431253 02> T
VBB REE RO EL, S b B R & RE o MR SMEE) 43 8 (TR-TR) T LN T 5 2 &
ERAT, FRZZEOTr—T7 L LT, ZOL I RERIZIAS AV H TV A A~T v HEBRIR
BOAL 7 OIEEE — K (1000-1700 cm ) IZEF H L7z, T E TCOAER M Z HV =T~ OBFZE)
B, 2O RIREE— BRI EMBECHEEZ O RN B —T1270 5 Z LR b
S>TWA[2],

[FEBR]HE TSR D 7 = & MR L =V —F W R 77—k L 0 iTo 7z,
T =TI WD RV A (BEREIE 120 fs, #REE 150 em )X, FX V7 7 A 7 HAR
IERR DO I B W RT 2 R U w7 HEilE (0PA) . 72234 DFG) 12 L W 572, Ry 7t [Rkk
(ZFAEIEEE O ) O—F 2 v 5 2 MR A LD 400 nm O, 7213 OPA 36 L UVFIE
WA (SFG)IZ XV 700-400 nm D& 157, RELZHE Lo RHEIE, otss ol
%, 64 F ¥ RV OFRME N CRIKR N 21T > 7o, 2 ORIE ORI fEREIL 200 fs, =3
LR —RREIL 3 em ' FRETH D,

(&R & EBE] koS REERICE T , , ,

% TR-TR MEIX, RSN A 5R < FRANE pump: 400nm TRAR (in MeCN)
delay: 500ps
Lit—2 %525 0 = ON RS e

IZRENTEY . L0 — M7l T “ﬁl\*‘*ﬁ\ bA‘?Aw?ﬁﬁ¥u TM&\YFA
T H~T v IR T DO 1E R - ER::bz;ibz:i)]” FT-R (in KBr) Ru

AT MLEEbALLHIEL., IRE —— [Ru(bpy-d,) (opmI”
L7237, £ 2 TETIHEDIZ,

AAbsorbance

Absorbance

BELFASHTOWAEMFOOL ST Ao s DA b iy
N N L s 1000 1100 1200 1300 1400 _11500 1600 1700
3?) %6 “/ /r X :/ ﬁa ’fM‘ ?‘ (bpy — 2, 2 - Wavenumber(cm™)

bipyridine, bpm = 2,2’ ~bipyrimidine) 1. [Ru(bpy)2(bpm)](PFe)2 D & HEIRAER K
DOFHEIREIZ B T 2IEEN 227 F Ll OEIAREED HRI 227 hv, @572 B RN+
EFBLOZFOETE— 7 o LuiEse ZEMERERLZZ L 2R

— R~DIREEIT-> T2, 1 1Z1% [Ru (bpy) » (bpm) ] (PFe) » & KBr 1 Till] - 7= FLJEIRBE D ARHF 2



R MABLERFOTE = kU VKK 400 nm DY
BT U 7-1% 500 ps OFRARINIEAL AT MV ERL
oo ZIZTHRBIIETOKRERERAKZOL D, FHL
bpy Z#EH/KFILLTZH D, FRERIT bpm ZEHAKFE(L LT
HLDOTHD, ZOXDIZFENEERIZ LD~ b
#EE LI LT, BT EFEETHONIIREI A Y

MLERKTHZLICED, HBoNTE2TORE e —
7 % HAEREE— F~RE T 25 2 S ITpE L7z [3],

KIC T ORRERE 2, 40— OIIIKTEN  ©  ——— A VI
TR & 2 A 1600 em  UTICAAET D B — 7 DAl Wavenumber (cm”)
CIFRRDIRDB\NEZ R T L2 RNWTELT(3,4], X 2. [Ru(bpy)sl2+% 400 nm DY T
1600 ecm' O —Z XK 2 12/ L= L 512 20 ps FREET B L7 D AR FATRRZEA L
B 7 P T ADICR LT, oIt A EETOE— 27 1ZRKO 1610 cm' O B — 7 L [FER
2 7 MITETIC 20 ps FREE CHREEDSART 5, X DICZ ORFE L2 8L, B 1.
&, KInSEM 72 822 THIET HZ 2L, 1600 ecm' DA HEIREE, T 72
B I RN EE CMC) 1R 8 S v, ftho v — 27 238 @ BN+ AT B RE CMLCT) (2%
BENDZENRDNoT-, SEEEERIZIHNT MC IX, R ER ORI T AW 2 =
ATERADIRAE L Z 2 5N THY . ZORBITED L 5 2REEAE 45 N FHINTHR 2 T B0 D5 & 72
2o

O X YIRS S R EE O

IR 0 iR Eh A~ b L& TR 5
ZEIZE D, ZOERESCEI B
MEZBH NI TEDZENRHLMNI o T,
FITINHLORREREEXIHIZ, AL
HABIZBWTKROB{ILELONLALVT =T
LBER (ARl 2P029) [5], €O, DI TTIZ A = )
WBALD L= LR (Al 3P028) . A e >0 F
PREL DI = LIV BNDAY 7T 5 5 [Re(dmb)(CON{P(p-FPH)al 0 15
SR OFBF(lL 4P029) , AR 7 BAT =/ iy 2 oL & 5 LT SN
—EEBEIR (A L 2P028) 73 & D b iR e &
AFI T AEZHLNZ LT, 2D DOFEIIR A X —IZTHETDH0, TO—pE LT 3
WZIE L =0 AR ORERZR LTz, IRENARY MBI B X OZOIRE» O EMBEIL. 55
Wr-n HAEERZIT L TT7 = = VHMN 20 ps FRENT T FHEHET 2T 225 2 &1
R LT,

(2% 3Ciik]
[1] BHE 5306t 62,213 (2013), BLH ISHMEL 83,456(2014), Bt [ H AP Y2
s8] 69, 531(2014).
[2] Y. Matsubara, et al. J. Phys. Soc. Jpn, 80, 124711 (2011). N. Fukazawa, et al. J. Phys. Chem. C,
116, 5892 (2012). N. Fukazawa, et al. J. Phys. Chem. C, 117, 13187 (2013). K. Onda, et al. Acc. Chem.
Res. 47,3494 (2014).
[3] T. Mukuta, et al. Inorg. Chem. 53, 2481 (2014).
[4] K. Onda, et al. Ultrafast Phenomena XIX, Springer Proc. in Physics, 162, 475 (2015).
[5] S. Tanaka, et al. J. Photochem. Photobio. A: Chem. in press.

Delay time (ps)




2C17
o-R YV FF 7 = o ORFE SR TR G
oAV IFAF T Dbz A
BEAIREXY AT I 7 XD
(FEpeK - B) OMEE 2, mEEA. AHP—

Time-resolved near-infrared study on electronic dynamics of
a-polythiophene: comparison with a-oligothiophenes
(Gakushuin Univ.) OS. Okino, T. Takaya, K. Iwata
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Solvent dependence of excitation dynamics of poly(3-hexylthiophene)
studied by time-resolved near-IR stimulated Raman spectroscopy
(Gakushuin Univ.) oTomohisa Takaya, Koichi Iwata
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Structural distribution dynamics of barrierless reaction observed by near-IR
femtosecond stimulated Raman spectroscopy
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Center for Advanced Photonics)
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