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1. BUHIC

0k X #3 WI5Ye: (Soft X-ray Absorption  Spec-
troscopy, XAS) 13, Kk X #ROFEIN DB % 5HR
HFETHY, WRBETHIELEIENER T 5828
BT 5720, TCHFHERVZE TR S ARETH 5o
IZ, 2keV LA FOX T )VF—#HIKTiE, Li, B, C, N, O
70 ¥ ORITEEO K W &, Mn, Fe, Co, Ni7Z ¥ OER
&8O LWRIBUR AT 5720, ¥R E LD 2
TXASBREREFETHS, LrLaEHLD, X HRiT
KARLKITHE S WIS NS 728, ke B2 TICE S
HHD, INETEIMELE AT OEEITR 5T
Too HHEABUIGSMIE G & % < OILFB S DR
THETTH720, XASEDLEHRRLE~DOHEHIT N
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WA 3 YEHE 73 & DAL T4V F — R O T 5 6T HE0,
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tride, SisNy) BEOFIA LAY « v FEDBFER & D
2 TR BATBRFEIC & 0, XAS JIE O AREEE~ O F 735
ATETHAY, Hx WERE% 2 D SizNy L THeA 72
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(20~2000nm) ZHMEICERTHI LT, HEEICLS
Wtk XAS e & FHL L 722%, KFITid, Wk
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122 27T, FxOBFL /2ER XAS ZEOFIHIZ 2T
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XASOUE—=27 v 7 6B LML Tnb, XAS AT
RV SO S FRMIIER 2B 5 2124 51, P8
et E A T, EREER ST 52 ERERTH 5,

CCT, WRBIEFRICE2DOT7 Tu—FhE 2L
5o —OII T8 1% (Molecular Dynamics, MD) &%
EIC LT, B MBI (Radial Distribution Function,
RDF) #8T, 2 hbE 20N 5~k THMEEIE
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LIS E (T 2L, KER SRR EH 7
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HEwHEm CEAHADRBH, L LN, 1DOET
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MR AR 7 VAR ON A28, L0 ERGER Y HH
TEhLEZONA, ARTIE, BWHERONBBIRGHEORE
2T EICOWTHEE L 728, Lo 2507 Ju—F
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S FEMEEROBSEE & LT, BEE K Runm XAS HlIE
IZ&E BV AFIVZIVEFYF (DMSO) KB DKFER
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%/ —)b (EtOH) DRF#E K Wi XAS A7 RV O
BIZ oW T4 51,
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TETh b, LoLahb, WERBOBE X% 1um LIFIC
UZe < T, R XA RARE 2 28 T & \vwWizco,
FHEIC LA XAS WEIEREEThH - 72 ZD72, Th
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2, BRI B HEAHEL Y, wRhObs
WEDOARGV Fitllatr > ECTEMTH %, BRI K
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FE S HE B LERATR Th 5,
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Fig. 112 %> F#F UVSOR Ok X #t ' — A 5 A~/ BL3U i
BWTBHR L 2, WAOBEA XAS WIEIEE OB X % 7R
T WETIVIZEEDONY 7 LAkfii/c L -RAEHEICH 0,
BEEZETOMXBY—AT A v &, BY A 2200 x
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DA E L CHlHILSEN EZH WS MR, €K%
s O BIE ORFIZ 12100 nm JE D fRAL 7 1 % (Silicon Car-
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Fig. 1 The schematics of the XAS measurement system in transmis-
sion mode for liquids. The precise thickness control method
from 20 to 2000 nm by adjusting helium pressure is also
shown.
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N-WER O X HEREmE (1) #&ICL ¢, Lam-
bert-Beer Al In (Iy/I) IZ X VRO, BKICKIT AEHE
5T XAS PIEZAT O RICIE, BIE2 T OREOK X 3
FRBE T [ ICTHT LT, BIEOFG R\ 7- XAS A
N7 PIVBRELND, FxOBAFEL AV T, ik
REPA BRI LD, BECVOLLE B3 C &
<, MRS A EMTE B, F/2, F5—HWTK
RV R OIRE# FIf 4 %5 HR T, B &S ClE—5~80
CORPTHETE %, BRILFELIVLARKL T T, &
SULFBUEHRDOZ 5 B XAS BIEIC S L T 520,

3. WRRBHEEHIC & 5 BB DIEERIR

WAk D XAS 27 FIvip b, Z ORISR 2175
ITiE, BEA AR IC S W THIRIRAE AT 2 &5
B TH 5, Hlz2iE, Fig. 21273 k512, %K EtOH
(CH3CH,0H) DRF K Wit XAS A7 Fvp b, %
DA EEHONTTHITIF 2 2OT TO—FRE 2

S July 2023 Vol.36 No.4 - 177



Summation
Liquid structures

[ C K-edge XAS
@ [ Liquid EtOH
£r
= -
£t
< L
= F
ZF
g r
Er
R e E o A RR AR
286 288 290 292 294
Photon Energy / eV
RDF
Model structures
180 A
150 & i b
120 Liquid EtOH 6 ?
B ] o 4 QJ\
< 90 P
2 0
60 o ° ¢
-9
30 ;);
*%o
0 ey prerrprere EY

Fig. 2 Two theoretical approaches for determining the structures of
liquid EtOH (CH;CH,0H) from C K-edge XAS: One is the
inner-shell calculations of model structures determined by
RDF. The hydrogen bond structures between EtOH molec-
ules were determined from 2D RDF between oxygen (O)
atoms in EtOH molecules, where the horizontal axis is the
O-0 distance and the vertical axis is the angle 6 between O—
O and the O—C molecular axis of central EtOH. The intensity
plots in 2D RDF becomes higher when the populations of
molecular structures are abundant. The other is the summa-
tion of inner-shell spectra of several small liquid structures
extracted from the snapshots of the MD simulations. Small
liquid structures consist of the surrounding EtOH molecules
within the CH,~CH, distance of 6 A from the central EtOH
molecule that is excited in the inner-shell calculations.

bhb, —2HIFMDEFHEIC LD & EtOH © RDF %
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T %728, Fig.2 OFRNICRT L D1, PR T 590
@ EtOH 75 F % & Lo/ S e AR O WAk ik 5T L % %
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ZhIZED, BEOLELEELH A EtOH O Nk A
N7 PIVBELN L0, FEEETHOLNI XAS AX7 T
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FOXo R E-VLICEY, ERO2Oo0T
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DHRINTWBD, F7z, FRHERAEENREE (Time-
Dependent Density Functional Theory, TDDFT) % i
L 7z Quantum Mechanics / Molecular Mechanics ( QM /
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75 AR —REEONRETE LD L E—FE ANV FEE
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AT, N—FVU— 73 v Z7ELIICL 2 NRIGER
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OEEEREY BB L7z, T2, <V 5%®, kT
P39, MRS IEE0 7 & OFERFES S L, DMSO K
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7239, APFZETIE, MEKKR B XASHIEIC LD
DMSO KIBFERDKFEREE v P T — 7 N SLT L& H
&35, @EIC, BRONEEMHEETDMSO KEKD
a3k K W XAS IR THh O T, IO B fHI5
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FKBI G XAS AR F VRS, KDda, ¥ —7
(~535eV) &, Ko FOMERFRY OS> FRIMEELIEHR
HRELT 5720, KEEEGICBIAKDOT 72T R —F4
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Fig. 3 O K-edge XAS spectra of aqueous DMSO solutions at differ-
ent molar fractions.
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(S) RF &kom*E (O,) RFD 2D RDF S-0,, %77,
Zhic kD, DMSO O SRF LKD Oy JRF DR F R
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Fig. 4 The energy shift of (a) the first peaks of the S=0O 7* transi-
tions in DMSO and (b) the 4a, peaks in H,O as a function of
molar fraction. The energy shifts of the S=0O n* peak and
the 4a, peak are relative to the peak energies of neat DMSO
and neat H,0, respectively. The different concentration
regions of the energy shifts are indicated by dashed lines.

180
] DP D RDF
1503 x=05

120 S-0,

r/ A

Fig. 5 2D RDF between S atoms of DMSO ((CH3),S=0) and
oxygen (O,,) atoms of water molecules in aqueous DMSO
solution at the molar fraction of x=0.5. The horizontal axis
is the molecular distance of S-O,, and the vertical axis is
the angle 6 between S-O,, and the S=0 molecular axis of
DMSO. The intensity plots in 2D RDF becomes higher when
the populations of molecular structures are abundant. The
assignments of the peaks such as HB1, HB2, and DP models
are described.

R L7, E£7z, Fig.6(b)IZ/rd Xk >iZ, DMSO O S=
OFIZ2 DDKD FF—H A F HBAKERE T % HB2 it
Wp5H EPThr5bH, Fig. 6(e)I2”d L 51, DMSO @ S

(a) HB1 @ (b) HB2
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Fig. 6 (a) The HB structure of the S=O group in DMSO with the
donor site of one H,O molecule (HB1). (b) The HB struc-
ture of the S= 0O group in DMSO with the donor sites of two
H,0 molecules (HB2). (c) The dipole interaction of the S
atom in DMSO with the acceptor site of H,O (DP). The cal-
culated energy shifts of S=0O 7* peaks in DMSO shown in
(a), (b), and (c) are relative to the peak energy of gas-phase
DMSO. The energy shift of the 4a, peak in H,O shown in (c)
is relative to the peak energy of liquid H,O.
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Fig. 7 (a) C K—edge XAS spectra of EtOH in gas and liquid phases. (b) Calculated C K-edge inner-shell spectra of

EtOH in gas and liquid phases.
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Intermolecular interactions in liquids revealed by
soft X-ray absorption spectroscopy

Masanari NAGASAKA

Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Abstract

Soft X-ray absorption spectroscopy (XAS) is an effective method to perform element-selective

analyses of liquid structures. In this review, we explain a precise liquid thickness control method
for XAS of liquid samples in transmission mode and propose two theoretical approaches for
analyzing liquid structures with the inner-shell quantum chemical calculations: One approach is
that the liquid structures are determined by the inner-shell calculations of model structures. The
hydrogen bond networks in aqueous dimethyl sulfoxide solutions were investigated by the oxygen
K-edge XAS measurements with this theoretical approach. The other approach is the summation
of the inner-shell spectra of small liquid structures including structural deviations. The carbon K-
edge XAS spectrum of liquid ethanol was well reproduced by this theoretical approach. Future
aspects of the XAS measurement methods of liquid samples to perform operando observations of
several chemical phenomena in solutions are also discussed.
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