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X-ray absorption fine structure (XAFS) is an efficient tool to probe the local structure of an
absorbing atom, and has been applied to various samples. ~Although the total reflection of X-
ray has allowed us to study solid surfaces by XAFS, the accessibility of this approach to a solution

. surface has been restricted because of a difficulty to make precise measurements of X-ray absorp-
tion. We proposed a novel method, named total-reflection total-conversion-electron yield
(TRTCY) XAFS, where the Auger electrons generated by X-ray absorption are detected with high
sensitivity. The detection depth was typically <10 nm, and the detection volume was 2~ 3 nl.
Solution surfaces can be modified by monolayers, and model the various interfaces having sepa-
ration, sensing, and molecular recognition functions. TRTCY-XAFS provides information on
the local concentrations and structures of ions attracted by the surface monolayers from a sub-
phase. The principle of this approach, the instruments used in a series of studies, and some
obtained results are discussed in this review. In addition to our prototype instruments, a new
version, which has allowed automatic control of the surface molecular density, is also outlined.

Keywords : solution surface; solvation structures of ions; X-ray absorption fine structure ; surface

monolayers.
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Fig. 1 Schematic representation of the principle of
total reflection XAFS
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Fig. 2 Schematic diagram of TRTCY-XAFS cell
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Fig. 3 Schematic diagram of the experimental setup
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Fig. 4 Typical TRTCY-XAFS spectra at the Br-K edge
obtained for 0.1 mM STAB aqueous solution

(a) I from a gas chamber, (b) 7 from the solution sur-
face, and (c) 1/h, resulting TRTCY-XAFS spectrum.
Reproduced from ref. 15 with permission
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Fig. 5 Comparison of Br-K edge XANES spectra
obtained by TRTCY-XAFS

Reproduced from ref. 16 with permission
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Fig. 6 Comparison of Br-K edge XAFS Ky (k) spectra
for Br-

Solid curve: ksx(k) spectrum for Br condensed by
STA" surface monolayer.obtained with TRTCY-XAFS;
Dotted curve: Ky(k) spectra for hydrated Br~ (0.1 M

KBr) obtained with a transmission method. Repro-
duced from ref. 16 with permission
Table 1 XAFS curvefitting results
Sample /A NY o/A
0.1 mM STAB aq.
1 stshell 3.12 9.6 0.283
2nd shell 5.22 2.6 0.209
0.5 M LiBr aq. 3.23 55 0.145
0.1 M KBr aq. By transmission 3.23 6.0 0.160

a) N value for Br™ in KBr aq. is assumed to be 6.
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Fig. 7 Schematic representation of the local struc-
ture of Br~ condensed by STA" surface monolayer

Reproduced from ref. 16 with permission
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Fig. 8 Dependence of the BrK edge jump, J, in the TRTCY-XAFS spectra for KBr (a) and tetra-
hexylammonium bromide (b) aqueous solution on their bulk concentrations, C

Reproduced from ref. 15 with permission
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Fig. 9 Adsorption isotherm of Br~

Subphase: CuBrs. Open circles, edge jump mea-
sured with DDABS surface monolayer; squares, edge
jumps measured without DDABS surface monolayer;
solid circles, net edge jump of Br ™ attracted by the

DDABS monolayer. Solid curve shows the result of
calculation with parameters Ku; = 10 *M !, K =2 %

10°M™", A=100A, and d =5A. Reproduced from
ref. 23 with permission
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SESNTEP SBONIZMRALE X —HLTw5. Fig.
11@%@&%%L%Dmmsg oTRA Y, B4
FUYHREPOED L) IZHHL T EhEEXMITRL
bDTHAH. A FVEBELTORVES, A4 v O0f
EARNY < VBRI TERDOLH IR B, REATHRAE
L7z /8% vty MEIZBERNBNRAT 51200 THEE
BB ITIREE T 5 72 O ICRIDUR T OB R BE 13 3R SV TARSE
LTEALT B, L7doT, TRICY-XAFS 2 & o THR
HENBEFRA A VEEL TV RVEAICIIARTES
ns.
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Fig. 10 Adsorption of Zn®" on the surface monolayer
of DDABS from various zinc salt solutions

Solid circles, TRTCY-XAFS edge jump. Open circles,
after correction of a signal from bulk solution. The
solid line shown in the Zn(ClO,): box represents the
edge jump signal from bulk Zn®*. Solid curves are
results of calculation with parameters K =0 (Cl ™),
quM”(de,05M“(‘%and09Nr (Clo,7),
AG,= 800 Jmol ' for C1™, Ko =2%107°M™', 1 =100
A, and d=5A. Reproduced from ref. 23 with per-

mission

Saipole = 7 J: {CXP(“ ledlpme};#) - l}exp(— —;i—)dx

(2)

Sou =7 J.: {exp(—ﬂél;@j - l}exp(—%)dx (3)

Z 2T, Siipole BB FBIZH S X BEINA F 6D
fB5, Su THEGTFRBOMIIIH 2 BINA A > h 6 DEF,
Viipote (%), Wou(x) B ZENZNIEFE, HoTFENROR
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Fig. 11 Schematic representation of electrostatic
potential and ionic distributions in the vicinity of
DDABS surface monolayer

Reproduced from ref. 23 with permission

BRFVIVXN, 34 A DOV BE, 344D
BT, AG IV I HhRLWBTEA~D A T OEEN
BEXF72EHHIZALVE—, d3RBFRBOES, 11
TRTCY FHEIC L 2BHESIOBRTH B, X HBINLA + »
WHLHEDIRETAF VY RETDHE, AFEEILD
BREROXNTELZLNE.

SKanin exp(—%) (4)
Siu(aninn) = AC cxp[—-%]
1+ Kdnini Cxp[— ﬂ{lﬁjw—’i]
sKeur exp(~ Z}’;’; ) .
Siaeation) = _ exp[—i) (5)
1+ Kean; exp(— %{!;i)
ZZT, Sugnions Sizteationy WEEEAF ¥, BAF V5D

85, Kny Kul3BA XV, B4 A DA F VEEEH,
513 DDABS ORKEIRE, n, » IREI ST ¥ E= 7 A3,
REDPHANKVEFEFTOHBE, v, v.ldn, n TOH
BART V¥V THSH. DDABS 5 FHEELS, n—n=5
AL%d. XBROEFIKBHRETMTEZ L LTS L,

KAGAKU Vol. 52 (2003)
Table 2 XAFS curve-fitting results

Conc. Br™ in subphase/mM  r/A NY o/A
(a) 10 3.41 3.47 0.152

(b) 20 3.42 3.88 0.152

(c) 40 $.20 3.03 0.107

(d) 80 3.18 5.24 0.096

Br™ in bulk” 3.20 6.00 0.144

Oxygen was assumed a scattering partner. a) The coordina-
tion number in bulk water was assumed 6.  b) Determined by
transmission XAFS for 3 M KBr aqueous solution. This table
was reproduced from refs. 22, 23.

EBPHII =0 & HAew5. —F, K445 DDABS Bk
MTHERILETDE, n=19A L% 5. 44+ I3EHW
CREATI A YSAELTWAEEELILNLEDT, &EE
BRIEIZ Saipote T Sout T Sia anion or cationy THZ HNB. Fig. 9,
10OMBIEEELZREHCT n=0RELTT 4 v
TA YT LIHRETHE., AT PR RLAMET S LR
ELEBELID LA F VEREEZRRLTWBELERED
BIYDVPILKABAELTEY, ATV EEHERSEEL A=
ALTHDLEERD.

XAFS Hi AT 2 1TV, DDABS FE W% L TRk
A BEDL I BREEZE>TVEO02MET L7,
Fig. 12 {2 TRTCY (2 & % 5 mM DDABS % & ¥+ CuBry /K
BHD XAFS #RB) AR 7 bV & EBEIC L B 1M KBr K
HEBEDANRY PIVERT. £72, Table 212H =774 v
TAYTIZEoTRD LN XAFS /85 A — & — #2817
b, RALMIA & VIREASERT HIZONTRILYA + > &
BEETFEHONBEIE Ao TwAZ LIZEELTIZL
V. 2NV Y KBTI, B A 4 v LR L 22K F
DEEF L OHEBEL3.20A TH Y, (o), () FZDMEIE
Vo RIZ (@) 1E (o) LS IERICEAEIL TR
boo, REOBEEIZIZEAL () E—HLTWVAS.
BALM A 4 IBEAMEL %5 L EMZEL Y, $72 Fig.
R2DOREITRTEIIBRBEERHOLICHER S, THIZRAL
WA T ARMEEN QHES L L FERLT
W3, T 2~4A7" D XAFS REIRIEA ALY A 4 Vi
BEOBETICE - TAhSL o TWBIENGHE. b
DTG, BAA A 3, BALEEEE & BFEEAHEL
L7z 2 BHOBER T RO LR sNn 5.

Fig. 1312% 2155 DDABS & Rt A + v DEF LV %
AT BIEITIX, STA"REHAFEREICGIEMHITIOhAR
1EWA & HSTA DT Y EZ Y LI LTKSF %A
LCRIELTWR EE 2T 208, WA+ izown
THADRBETOMNEEZITV, TORITEITH- R,
Fig. 1I3DX ) RETNVEEUTHDLEEZERDIZES T,
COEFNTIE, BILWA F+ VIZDDABS D7 €= A
FHICEBREMNL, RoZRICASTTFIHEEGLTV S,
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Fig. 12 x(k)kspectra for Br attracted by the DDABS
surface monolayer from (a) 5 mM, (b) 10 mM, (c) 20
mM, and (d) 40 mM ZnBry, and (e) Br in bulk water

Arrows point at shoulders, which suggest the presence
of Br~ bound by an ion-exchange group. Reproduced
from ref. 23 with permission

Fig. 13 Schematic representation of the local struc-
ture of Br™ attracted by DDABS surface monolayer

Br-O HHiBE%# 3.15 A, Br-CRIfEEE% 35 A LIREL T,
FEFF 7.02 2k 53 32 b —3¥ 3 YEME %47 - T XAFS
x (kR AT MVvERDI.
FHERREANRY PVERK L2 F 7H Fig. 14 TH
%, BHHRIICRED o7z XAFS y (k) A7 M IVIZERE
DART M) I—HLTWAI Wb, #
W, SODEIRTA4 T4 TEA—=T 74974 7

k /l’ (k)
<
=

<

Fig. 14 (k) kspectra for Br™ attracted by the DDABS
surface monolayer from (a) 5 mM and (b) 10 mM, and
results of calculation (broken curves) assuming the
coexistence of hydrated Br~ and bound Br~

Reproduced from ref. 23 with permission

2k =6.4x5 c(h)k+38) o)k (a) DR
2k = 6.4 )5 c(R)k+4.8xpot)k (b)) DR

Lo THEBEENSD, KDSDESL L DDABS 5 DHFS
ARANTHIEBUTOHRMCIYVHETH 2. (1)
XAFS ARZ b VD S/NIEAD D, (2) 2 FEOBAR
T TORBENIPE->TVDE, (3) HELETIXEBHEL K
EThY, BETFHEFINEL, XAFSHHTE LTHE % X5
FTHZENRETHL. ZORBLVIEARY P rO—F
BEISHHBEOELENDHLLEDLNS. £72, Fig
12 @ XAFS y (k) A7 bV & Fig. 6 DA MV & LK
FTHEDL VMBS TVBDT, KIBHERMD STA ELZ
FlaFgonzBbw A + v ORFEED, Fig 130X
IIZBALA F VASTA D7 v B ARICEEES L
TZORBEZKSTHRYED L) LEEEZ L TWEDT
BhwhtEZONS.

4 KRBT

41 A FHBEYFEY
INFCHPLTCEATEREEIEKIZ 01 mM U ED
F—F—THEBTHHDOTHo 7724, REFHEANIEKIC
FEEAEBIRVIOIEETS. T L) R REEE
FNE, XU¥ Y, BRI, 20074 VAR EDERS
HOEOGIFRBEIERE L COKBRERTIER L OKRER
KMMICHESFEAELZ LD TESL. ZORERERABIE,
Syria77udzy b (LB) BRORBIZLHVWLR
THBY, e oBRLFOSTFERMMIZEMAT S Z A5
HETH 5.

1 mM ZnCl, KIBWOERIZ, 7007 3 VAIZEDNL
RATFTY VBPESTEE 2D X IICERL, TRERKE
BICETNIEEHA T VDB EDL AT T VBHEST
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Fig. 15 Time dependence of XANES spectra at the

Zn-K edge for zinc stearate surface monolayer
obtained with TRTCY-XAFS

Zn®" concentration in the subphase, 1 mM. The trans-
mission spectrum for hexaaqua Zn®" is also depicted
for comparison (thin solid curve). Reproduced from
ref. 25 with permission

RIZ5 2 FE 5N 5 DN, TRTCY BHEIZT XAFS Il E % 17
o272, Fig. 1512 XANES A2 MV ERT. N2 KK
WHRTeARMLZHEEA A > OBBEIZL > TRHEL
XANES A7 MV TR T. [Zn(H0)s]°" @ XANES
ARY PR CERTA P FTA V2o TRBDITHLT
AT T YEEEGFREEICHAE L HEE 1 4 O XANES X
FTA T4 VPMEL, L ELSTWDLZLENFHELNT
HbH. WEAF DR TA NI A VIBEIZFORMEBUIK
HETHIEFMONTEDY, 20 XANES OFRA 6 B
DFRETOFESA A VL 4 BHEEE & > T B LR
EN%. Fig. 15 1R T L 91T, XANES A7 b VIZERR]
PREBTHICONTIHRAICENL T E, F4ICKFTA b
FA BB kol AFTY) VEBESTFREICEE LE
R4 F VD XANES AXRZ M IVDFT A+ T4 VIIZEE
B LHESR A A4 A5 LT S OB BIRET 5055
FNTVS. 12FERELZBZICHELZE IS, XANES
AR PVOEALIIINE b, FHEIEL .

FRTA FTA VHEEOMANIES A+ ¥ OBAL A 2
722 &KL TWA. Fig. 1612 XAFS y(k) AR ML %
AT, y (k) A7 ML XANES A2 by & RIRRIC R
TT) VBRI LACH SR A & ik s 2 T 6 KA
L7-HgRA 4 v IO »ICEL Y, EWICHRERHEZ
LTWwBbZEARLTWA. Fig 17127 —1 Z&# (FT)
ANRZ MNVERT., FT A2 MVid Zn-O B S HEEEIZ

KAGAKU Vol. 52 (2003)

155 m|n L

247 min /N
\
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k| A

Fig. 16 The k *x(k) spectra for hexaaqua Zn*" and
Zn®" condensed by stearate surface monolayer

Reproduced from ref. 25 with permission

FT Magnitude

Fig. 17 Time dependence of Fourier-transformed
spectra for Zn’" condensed by the stearate surface
monolayer

The phase shift and back-scattering amplitude values
are corrected for oxygen. Reproduced from ref. 25
with permission
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Balance

A PTFE barrier

Fig. 18 Side view (left) and top view (right) of a surface pressure controllable TRTCY-XAFS cell

HIGTHEEZOND 2AMEDE -7 2o TWVAH. 44
BBOF—IDI—T T4 9574 TRIZ1.96A TH
D, [Zn(HeO)e]? D Zn-O HHEE 2.08A X D L & o
Tw5., BERIIEMBAIMEA L LR BBV o
TBVD, =TT 4954 Y TORKER, ATTYVBE
HEZERL T OBMOBBE LB, HERPRIR
D, BRMEED 4255 NEEMLTwE., ZHITKHE
& BT XANES A7 bVDOFXRT A b4 VEREEASHEINL
TWbZEE—HLTWwD, RELHEEELEOMEGEEZHR
REEDIIZ, ATTY VEBOREHERBEDI50% ° 75%
B EIICERLTHEEIT- 728, BECHEELLY
ALEBLALREUBREREL. Lo T, KBREXEO
ATFTY VEBEESTRICFIEFEON-HEER A 4 VIS
BRELAYOT 4 RUEETH 205, BRICFE-TWwo
& B RUBENEERL TV, ZoBEELIE
AFTY VBESTROBREIKE LW 2550 -
7.

4-2 REEHHREBHESTFE™

KEREFES TR, BE, ROEZERMICEILSE,
ZORERE, BHEELZELHMTLIEPTERTH 5.
HOPROGERBRLEMEREICL T, WETLHAF >
DEREEVPEALT 5 0EIRIKROHHMETH 5. Fig.
I8 IR THERE L, Fig 20KBLERBL, BERED
EHN R REERBEZTEEICLZDOTHS. Ao
RKEZIZ210mm BEX 210 mm EX 2mm X TH Y, Fig.
QORBLHRTORYRELS BZoTWAD, T2, KER
FEGENCELSELDD 2RO F 70 BNy T L
ZOWBEH G R RET HLENDH o 7272012, MBELLT

0.025

3N
oas| |

Gl A J. ‘ 1 1 A J
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A/ nm?
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Fig. 19 II-A curve for tetradecanoic acid surface film
on 10 mM Zn(NOs)s subphase

Reproduced from ref. 24 with permission

B BRIEALICRE L. XBREFROELE, ST 7
0L BUS) 7R B L CRENC R L7 A TR O KR
RELEEHIENTESL., N TOMNE (BRERRK),
KERIOELE, XAFS BIEIC L 5 KEHEDOLLE L
BREL, EEBESTFREICI A4 VIR ED L IS
AL B0 EMEt L.

Fig. 18 )V % VT Wilhelmy 7 L — M ETRER
7 D DWEERAIT- 7. KRB & XAFS O [RIFRHEE A
EHESTFEORBLEIIZIEMITIONE/ A OB LHE
EEOMHBEZMNA-DICIZEENTH HH, ThEhofl
ELELREEMAR L L7720, JEICHE L. I AF
YBOFER T FOVERE, 10 mM Zn(NOs), KIEHEEIZ
ER#E, 1REUEREL, NYT7THRBREZRLTHFE
AHER AZHEL LTz, Fig. 191 IT-A B %2 R 3.
) AT VEEELA TR A TR OB - TR R
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Fig. 20 XAFS spectra at Zn-K edge

(a) A=0.6nm® (b) A =0.4nm" (c) A=0.3nm’ and
(d) A=0.2nm" Results of repeated measurements
are shown for (c) and (d). (a)~(d) correspond to
the points shown by arrows in Fig. 19. Reproduced
from ref. 24 with permission

O HARREBANLEEbLoTWVBEI LS 5E. A=
0.3 nm® THIRIEA & BARBEIICH S 2R L Tv
b, 2O MAWMBIZEHE->T, (a) HAEEEE, A=06
nm’, (b) M, A=04nm’, (c) HEELE, A4=03
nm’, (d) BRBREK, A=02nm’ TXAFSHIEX{T-
7z. Fig. 20 13 RHE 2 A& 2 THE L 72 XANES A7 b
VThbB, BHAFT IEI) AT VERIESFHOBMICLE S
BEHEIVAFUVBOINKELOEEKE VI ZDO0
NTREIZFEFEON TS, F5N7 XAFS A2 b
W2 A XANE LT HBRBTERMP o7z, 2D/ A4 X
OFEKEE LT, (1) BRTHELZ2D, RABLEH S
B L2 KEE VPN AS L 72 X & KRR OTRIL
LT/ A RXERo72, (2) BRIEAICIIKELVIZEDK
REENEZ L, AEORES 2B ->T LT o7, (8) AF
T YRS — 2B 2T, KEREEICEOR D A
Hb, Lo HEEANEZ OND. XAFS BT IEATEET
Ho7zhS, XANES ARZ M 3 A5V EEEICH &
FTFOoN-HEA A+ OHEEZTFUT LI LIITETD
%. Fig. 2112 (b) THIE LM A 7+ > D XANES A

KAGAKU Vol. 52 (2003)

‘700" '3750°
Energy/eV

9650 ‘9800

Fig. 21 Comparison of XAFS spectra at Zn-K edge
for different samples

(a) Zn*" attracted by the tetradecanoic acid surface
film at A = 0.4 nm°, (b) solid state anhydrous zinc
acetate, and (c) aqueous Zn*~ solution. Reproduced
from ref. 24 with permission

7 bPVEGET, EBRETHE L 72 RER o K FE R H g &
KFIL 7-HigR 1 + > D XANES A7 hLERT. IR
FUBBSFREICIEFETONTOVLIHHS L+ o0
XANES A7 PVIZAM L - HEH A 4 v DARZ ML X

Db EFEDOEAKEEREN EFFHICLIPTVE, 02k
POV ITHROESHAF UATED L HIZI Y AT LEEEIC
FIEFEONTVLD22HNTL2IENTELE, IR
FUBERERTAHENE, BT ik e A ER E -
Twa., IV AFVEFPERSN, RAOICES TR K
ThHE, WEA A VITHESTRICFIEFEON, BAML
KEFEEH SR 4 BUABETH DAY, ATA S AV DF
ENSHEHAF I I N AF UBIEEES LTSS
TR, KGFB1I5TRMELTWZDOTIERVwRE
Ezbohb.

Pl ¥ v >~ 7 ' B AR b o R IDUS T30z sl 4
% . Poisson-Boltzmann gl & - THE A 4 v REIEE
DHNRVEBERAFE~NOKGHEEZRBI A LA TE
5. IVAFUBOBRMGEEH K LHHAA LI YR
FUBEDEERER BIIMOSN TV ARVWOT, RED
R D pK, % 5 & FR L 72, $EABCERIIRERE &
WAL ERLTHHERZL, logf=11&,L7%. L
TORXPHERART > ¥y VRAKTOEA + VigE%
BLIENTES.
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L, RHE, fH, %L

JQI(ﬂHmCQn[Q{eXp(ggggj—-l}4~{exp(§2§¥£)-—l}}

(—1+2ﬁCmcxp(2Fw))

+F 4 =0
Cu exp[— )
RT 2Fy
N LB
1+ X +p cxp( BT j
ZIT, yIREREART VYN, cldI)AFVROK

HHE, Cuk G 3KFEA A Y LHESA L YOV

BETHL. ZORIER_ERNOERWPEEED»S
Bz, Thbh, ROH1HIEISERICEILN

BN, EoHIEBOEEBHERL TS, 2oL
D, WA A VvOREERTF VY Y VERTBELFHETS
L, WA 4 OERMBENI ) AF Y BOKEIREDH
T - THEGIZEMT 2 2 £ 2% o7z, L L, FE
BRI ZORMER R L 3 Bik o 7. Fig 20), (b),
() DIEEEMEMFEELEIBMLCTVEA, Yy 7RI
PLFLLZOMETHAL TV ARV, THUE I AF VR
Zn(NOs) KW R CTIAY — 5 REE BB L T
D, KBREMABED I Y AF VBE-TEA 4 ~$hK
OBEMNTET, BEZE (L)) Lo TEHEE-T
WAHHEHERTE S, ZOBEN, /A ADOKERAN
ZJMVOBERICGZ o TWAHEEZDLILENTES
Zn(NOs)y KB ERICEBA L2 ) AF VBRERESER
AEDBILL L BIZED LI ITERL TV DHDD, 5T
Va— Ry —MEME L EEHCTEEBRE2RALTE
TH5b.

5 K El

KIBHEEROBHEANICET 2HREBIAENLEFRTH
% TRTCY-XAFS £ % #H L, TRTCY-XAFS % v,
RENGMER & B4 & V12 X BKEHER TOBERICHE
T BN R 2L TE /2. TRTICY-XAFS D —F D

AV I, REBRIZIEBEALTFEMASLZ LR in
siullETELETHAD. MM % XAFS ik &
TH TRTCY-XAFS € $ 5 & & HAK, 7% ) OB
BTHY, BRERDVPOZNIPFHTCEAMELFELE
SwilEn, L, KRBTz AN, REOREL
2720 L THRIURF S AFET I, AD 72wk
BRI ZOE T THETRETH S Z LIIMOFEICLS
KENOT7 70 —F TRIEELZ ETHD. FBIPNET
FEBICEIRT A 2L05CE, B4 OWRIUEFIZOWTE
HCTOBERBELZBETXS, 3:2 THHHF- 7
DDABS D X912, ZHOERA 4 vy Ao+
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VRSN AR T EIZFNFNDAL L VEAND
BHEHL t#f%éﬁf FHIEE R BT % E 4
WCHRET A2 ENTE S, BICREEEZMNHIHTEZ

L ¢ TRTCY-XAFS #:12 = 1 E TR T - 7= kG MK

BT A% OMAEBRLIENTE, KEBRETO
B BB EBEHTE 5.
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X AR E (XAFS) 12X D ik 4 2 RB O RIS AT AT b, EAREER~EH L7 5
bH 2D, KIFWRE TO XAFS WEITIZE  DHFIAEEG, BRITRWETE Zh oz, KRBT TIIAR
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