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Distribution and Local Structure of Ions in Frozen Electrolyte Solution
Studied by X-ray Spectroscopy

Tetsuo Okada

When solutions are frozen, most impurities, including electrolytes, are expelled from the ice crystals and
accumulate at the boundaries of the polycrystalline ice grains. The ions constituting electrolytes are expected to
exist as hydrated ions or salts. X-ray spectroscopy is one of the optimal choices for understanding the distribution
and local structure of ions within frozen aqueous solutions, from the perspectives of sensitivity and selectivity. This
paper discusses these topics based on our research using X-ray spectroscopy. It covers in situ measurements of ion
distribution in frozen aqueous solutions and ion adsorption onto iron hydroxide using X-ray fluorescence, as well as
the hydration of ions within frozen solutions and at their surfaces and the local structure of ions incorporated into the
ice crystal lattice, as determined by X-ray absorption fine structure (XAFS).
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2 fH 5%

1. #&

BB AHEMIZHICT 2K, TabbEfioke &
BorE$HX 7 aATr — VOBRE LIKE (DU, ol
KEWLE V) IFFEAEOHELMB EEZATV D, &,
K[, KR E, HRATHONLZKIZIFEAEZDX
I HHRRIBER TH 5. A TEIRIMBA OIRFERIZIEE
F LT, PERIZTXTKIWVE SRS, K NHERIC
WD AT B AKIEA 7% <, RABT K 52> 5 PERR
SAUKK IS T 5. 3% EOKEPEO A K I3
HULEORETIRBEGERE 25, 20 L) RiEHE%E R
it i 45 VA (Freeze concentrated solution, FCS) &\ 9) & & (2
$5. FCSIZV 77 —& LTHAEL, WERBIRICET S
WHEORISRIERICE S §5 ST\ 5 (Abbatt et al.,
2012; Bartels-Rausch et al., 2014; Honrath et al., 1999; McNeill
etal, 2012). FEHSHIL, 5T 7u—7%HTHGllE
(Miyagawa et al., 2020; Muto et al., 2020), &5 bZEH (Qu
etal, 2015,2017), W53 ELO Tl (Tasaki and Okada, 2011;
Yanagisawa et al., 2018) 72 £12 X V), FCSTHEZ 4 M PH
LEFMLCTE7, ChoofllEz@E LT, dHICL) R
JEAHERIGIAEAES B (Tasaki and Okada, 2012) Z & %0, 45
F7u— T OEMENEEINT 5 Z & (Miyagawa et al., 2020;
Quetal,2017), G THAREHIZINT S L (Miyagawa
etal,, 2020; Muto et al., 2020) & &SI L7z 53F7
U—7 %M st T, RNOREEZTE LG/
{57202, 51T 70—7OREZBIK RO
Wb LhL, 5F70—TIL 5B E L PR
TETWwah, BEDOHF7u—7IZEAOHLE R T
W5 72 TECSO— ML Z FHli T & T 2w Tl 7%
W EDORHIEOEF LS.

Bk IR SN B &S — KW MY DO—>T
HY, HRROBFAKBERZIZIZTRTEEZTATN D
(Legrand et al., 1984; Morganti et al., 2007). ¥ 72, Z® X
I BAERKBRITER 2L LTHHENLZ LS.
7z& Z1E, NaCl/R O e iR i 6, b aid-21.3
CThY, BALLTIOREEITHHITETHLZ L
Bhhd., iz, EEREONaCIUKIEE % -11.5 C THA;
$ % &, FCSHIONaClitE1Z3.0 M& 7 % (Cohen-Adad et
al, 1991). L7:%%5C, 10 mMONaCUKIFH % Z DT
KT % &, NaCUIFCSHIZ300f5 4 S 5. Mk oA
DM A NaCLE IAEF B Y56, T b 30085 12 i S
N5, FUEREAIKVIZ L, F 72NaClo MG E K
FEBMMENEL b, TOMPUT LD SHS I S 1z
WEB OIS AEEEIND T EDTREN TV S (Takenaka

i

B S KA OXRFA X —Y v 7. 38, (a) 17 mM NaCl,
25 uM Mn**, 15 uM Co™", 5 uM Cu™, 5 pM Zn>, =5.0 C. (b) 34
mM NaCl, 250 uM Mn*", 150 uM Co*", 50 uM Cu*", 50 pM Zn™",
—12.0 C. 3CHk(Tokumasu et al. 2016) X 1) ] 2 5 Tz,
Figure 1: XRF imaging of frozen solutions. Sample: (a)17 mM NaCl,
25 uM Mn™, 15 ugM Co™, 5 uM Cu™, 5 uM Zn™", =5.0 C and (b)34
mM NaCl, 250 pM Mn*", 150 uM Co™", 50 uM Cu™", 50 uM Zn** .
Temperature, —12 .0 C . Reproduced with permission from Tokumasu
etal. 2016.

and Bandow, 2007).

B 2 SOAKEROY G, A+ v ZhASH T u—
TELUTHREET . 728 21X, A 4 v ORESAH O Bk
B OHTOFCSD G, A A ¥ HIB5-§ HFCSHI O IS
HEDOFMATRETH L. 72, HEICLDAF 0K
IR ENOZE R KRBT IS T R A E 74 F
CORFIHEEEMALZLIFEETHL. oF ), #Y)
ZEEE NI+ 7 — 7 2R % TH AKX
BRI 284 RIEMEHRL 2L TE L. FEEDLIT,
Xi#or % VT 3 )b (Harada et al., 2021), Z[fiHi51
il (Harada et al., 2003), A 7 > &Z¥fk (Harada et al., 2002;
Okada and Harada, 2004) 7% EZHUD AAE N7 A F > DA
MR 2L L TE . ARTIE, IhHoii%ET
B o 7Bl R ENT L 2 RV L CHRKIBRIC OV TR O
TGOV TIRNRB.

2. HIAXRICLDRIGEREEPDOA I VD™D
Ik o

ARG 2R Lz &, B2k 5 cHED
P S BTz & sh, ZoZRIhMIl o E
POBETVERTS. ZOLE, RO AL F -7
A3 2 HOLXH (XRF) 28 il s, L7225- ¢,
XRFFICRICL D Z AT =R F > THBY, LFERNE
M. 72, MR TXRFOFEER AL F—%2 X
52X L ERRENENS R TH 5.



H2: (a) SAHEEBABNOIRXMOEA & XRFOBEHFL
& (b) K1 (a) @ ZWITHifg2 5 (1) KU & ) 2 L 72 =Wt
. ZRICHRIESCHL (Tokumasu et al. 2016) X V) 70 % 15 Cii
.
Figure 2: (a) Schematic representation for the penetration of
excitation X-ray and attenuation of XRF and (b) 3D images converted
from the 2D images shown in Figure 1(a) using Equation (1). 3D
images were reproduced with permission from Tokumasu et al. 2016.

HRRBR P O A F > D554 # XRETHHALT BB, 45
AR I IRXH % Y 2D K& STk E 5. XRF%
HRREHC BT 2125721, 10 keVO LIRXHR % fe/N2.5
umx2.5 umiZ EFTRL Z L & Lz, ZOLEMTL 0%k
FEDMT S5 T A OV F — INEL I JERE (KEK) @7 +
F77 2 b)— (PF) ¥ —2A54 >~ (BL) 4A%ZFH L
TllE 217 - 72 (Tokumasu et al., 2016). 25 uM Mn™", 15 uM
Co™, 5 uM Zn* "% & 217 mM NaCl%z —4.6 ‘C THifs L 7230k
B &L U250 pM Mn*', 150 uM Co™", 50 uM Zn*" % £ 234 mM
NaCl#-12.0 C Taif L 723 B I AE$ A CL, Mn™, Co™,
Zn® % & QKo i BE 12 0 {2 el iR & 2R §. Cl,
Mn, CoDXRFTIIKM FICAEIE T AFCSHARC A TH
D, YTV T X Y7y a Y TEWREDOXRFA M S
TWhH I ENWbhsb U, AF VBNV TV YT
a VIR ENTVWSEDOTIE R, FCSOBE S DEWN
CE2bDTH5H. K2alHATIRYT & H 12, Klirbd
DXRFIZHARTHRWALE A S B SN A-XREGH T2 £
TIZKRFCS 7 EDBARI X 2N D 720 FET 5. L
L, XREME IRV XMOBEME TR T 5720,
FCSOWEL S THAETHEZAIEEMEIRIRNELS 2D, #
OFER, BtumOBESZ2HFHE OV IV I XY 22 a T
i, FNXDEROITNIHERTEHWXRFREIRB SN 5.

Lo X912, FCSHDA F+ VIBEN—~EDORE, 2Kk

JUXRFH {5 D D 18 W IZFCSDOEE E D3 W & B L T W
5. [2al27R 9 & 9 IZIRXH#IIFCSH % A, XRFIZK
hEzERTHEREL, FCSOES MM L. FHlizs
W3 %A%, K(DITRTEY, XRFHREE (/1) L FORT
FCSOES (DICIEWHETH 5.

rati e Gl oD B

CIT, eldWBIER clZWES F Y OWE, d,Ldik
ZNENIRXHEXRFOHFER TH 5. —4.6 CIZBIT2
FCSH1 T Ddyld #1.2 mm, Cl, Mn, CoOKofit DdiE 2 #
140 pm, 432 pm, 696 umTH 5. ZORE HWT, Klall
FLHR O “UOTH R & X212 7R FCSER & & K = RITHR
WCERT B ENTEL., FTu—TL LmtHEIILVET
DENEIH DD, M) TVT Y7 aroREsiE, Cl,
Mn®™, Co™% 70— 7k L7k 212221485 um, 56.0
pm, 41,0 yumTH Y, BEAQA—H L 72l Sz FEREIZ
W LRXMEADK O 2 E# L72), XRFAOSFCSH % %58 L 72
D32 EMELIIREZETDDY, HEEZZTOY
HIILETH DD, “RILOXRFAIED S ZRIEA A —Y
EPRTE L MIARLEOMRDO—DTH 5.

X1 TIZZn* O WK I IZFCSOMEE D D F ) WIFEIC R 2
TESLHY, Mla® W TIIEAHT CZo® 2R FT I <
NTWBZITTHL. BT L > TIZFCSOMEEN 2 %
CELHY, PLOSEMDOBEN XY BEALENTH &
Whhotz, ZOFEBEPSICT S72012, Zn ANk
ST LW TXHR ARG (X-ray Absorption Fine
Structure , XAFS) % ] %€ L 72 (Tokumasu et al., 2017). XAFS
TR D AT P VIERIUGEF OB ER AT b
WY L, TR OMBLILAREE L Tnd. —J
WIS 70 & T T A OV F— Ml D)5 i (1 ke VRREE F C) 13
XL S 7% (Extended X-ray Absorption Fine Structure,
EXAFS) [ZIZNBE FOTHHIENTB Y, WIUEF O #
D b5,

B3I Zn” A3 S T B Tl E L 72 XAFS A X 2
MV ERT. OB, KAZnT D 1EAHZn(OH),B X O°
ZnODXAFSA X7 MV % R"§. Zn” HRATIICHRIE S h
7235 Tl E S N2 WU D AT N VIEH] S 22 ZnO D
LOWHEHBMLTWA I EXbhD. LaL, &fFicky,
HAZZn" 5 STV B 4%, Zn(OH),254: U 5 Y6y
Dotz WMETORRE, Zn" R Zn(OH)IZFCSTHI X
DKL, ZnOFFCSHAFIEL m\ & T A TR E N5
ZEDLH W EWDdro Tz NaClUKRIE % #ik 3 5 L FCS
DOpHASEFEMEIZ Y 7 b9 % (Takenaka et al., 2006; Watanabe
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Figure 3: XAFS spectrum at the Zn-K edge obtained at intense spots
on the XRF image shown in Figure 1(a). Spectra for Zn**, Zn(OH),,
and ZnO are shown for comparison.

etal,2014). T OHHEMAL L BHRERMICE D EL L o7
Zn* B FE ASZn(OH), D ¥ i BERE THIE S % BRI % 8 2
52 L TETZaOH),EL L. 51T, T ORERAIKES
B OKDUT E A ERWZERICA D AT LK L TZnOA®
L BWEEMEYRD S & -MbN 52, Rl TS 2
TiEZW. UTotry 3y THERT A, Zn” DfFR
RIRR I LIT LIEBIR s 5.

3. SKBRIEMICKDBRERA F VIREND
FAGDRE

PUTHER LICBE AT LR TH L. — LT, BHE
FEAE T CRE LR MO FRA F ¥ Fe™ DR FEFEE 3D
T, ZORERMEL L ORBKITHER L T2 83
wT, KEIHEEOIEE UTHIES 5. RIS
BT EYEFELHIET 2 T ELRTFTHY, WAL LT
B R RS B fitke S, ZORIMEEICDTMITETI L
THEPIFIA &2 (Martin and Gordon, 1988). 7 5 i ik
TR ZOBRIHKA D> T b, BEHELR ETHKIZE
R ONBEGOEED, WREIBHL, T ORiEE
(A S % (Aguilar-Islas et al., 2008; Person et al., 2021).

—Ji, BROBAL R KA IWAEH & L Tid7z56<
(Hlavay and Polyak, 2005; Srivastava and Srivastava, 1990). 7
L2, COMEEFHLCESEA 4 Y 2 EUREED
774 MLEZE CMSN TS (Tuetal,2012). [k
CRIRAKHT & k% & GIRILY R KIRIL D~ Ol &8 4
F v OWIBAHE DPFERERE I D > T 2 (Krauskopf,

X4 : FeOxHAE fE T T ?3 mmx3 mmo 583 OXFRE f§. %20
pm x 2.0 pum OFPH & ZME. FHKL 3 ppm Mn®, Co™, Cu™,
and Zn**3 X OfFe(OH), (0.05 g L' as Fe)% & ¢ 50 mM NaCl +
10 mM tris pH 7.5 % — 15.0 C THlif

Figure 4: XRF images of frozen samples at pH 7.5 based on the
signal intensities of each element obtained on an area of 3 mmx3
mm. Original sample solution contained 50 mM NacCl, 10 tris, 3 ppm
of each metal ion, and Fe(OH); (0.05 g L' as Fe) before freezing.
Temperature, —15.0 °C.

1956). ZOWARIIAKFZFTRL, KOFTHRI HA
%. Fakoi@ ) ik sgk & e B L ik 2 BRIOKICE
FNTVLMOEIE A 4 ~IZFCSICHEAE &, FCSHT#k
OERALEWIIWAE L, F7KOBIRRIZ 138 % & EFEE
L s h, ZoBBTHAET S~ WEe
L TS N — R s h, 22IC&HEN5
¥k (GRAE, R R 2o &R A + v ORENEHI S b
(Krauskopf, 1956). L 2L, Bt L 72k oodrcix, 3
T CTOREREBIIDNS L. 22T, ERLOXRFEH
WCHHIRETOEE A F ¥ OFERNOWLAE % 374 L
7z, SROBBWAERIOYE, WAk H DAL & Fer & OXRF
THIAZENTESL., FARICBENROERAF P E0
XRFZPIETE B720, NSO S HRIRETHE
BA & v L% E O RGO EAEH % in situ TR
filig% 2 & 25U BETdH % (Doietal., 2022).

50 mM NaCl, 3 ppm®Mn*’, Co™’, Cu™", Zn*" 3 X 1%0.05 gL
(Fek LT) DKEALS: () (FeOH, SEBRIZIZMRALY &K
ALY OREW) s, 10mMtis (FY Ak FOF R
FINVT I AF ) TpH %758 L2 kHAZ-150TC T
UG L7z, KEK PFOBL-15A1T, #F#£Mi3 mmx3 mm o
AP % 20 pmx2 um o> I A 7122801 1 TXRFH JE % i
E L7z, BIMZ2RTCXRFE{§ %2787, Fek B < BiffCTldk
BFUCFCSAH 5 2 Lb ), LBO@EYRIDOH S b
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Figure 5: Relationship between Z,,, and Z from other element. (a)
Zyin—Zc and (b) Zy,~Zc,, in the absence of FeO,H. (¢) Z\,~Z., and
(d) Zy;,—Zy. in the presence of FeO,H. (e) Relationship between Z;,
and results of multiple linear regression. Reproduced with permission
from Doi et al. 2022.

VINY v sy a y TIRTOTED Y 7 F IVIRIED T
{roTwb, —J, ERE LTMAZFed b3 ko ¥
TR VPSR Fed ¥ 7 FIVIZFCSOEAET 5 4T
THRIHENTBY, FeOHD F72FCSHITAAET 5 Z &8
bird. ClECu b DOXRFTIIFIZFCSOHE HHE A 5
MPTHBDIH L, Mn, Co, ZnTIIHE HHE 3G HSR R AE W
THbh. WRIIEWT 505, FeOHMHEIEL 2k X121,
Mn*, Co™ % CI i BRFCS D 7 & WA ISR L T 7z 2 & e
5, FeOHAETE T Tld, Mn*, Co™2SFeOHIZ W L TFCS
FOREIE L %o 72720 M B A EEWNC 72 - 72
E2O5ND. CUlEpHM LD 7201200 A 72tris & $E 4K %
KS B, ZORFECE IR L, FeOHIZWLA LW,
ZFD7OFOHFET TH, FCSIZIFIFTNTHAEL, W
TARFCSHEE# R LD DL HRTE 5.

XRFD ¥ 7 F VR B & SRR LB 5 % X 5 #liiE L 7214,
Z DX (Z,) %2 KD 72

_Io
Z; =

O1;/1g

@)

Z 2T, o, 3XRFREDEHERAETH 5. FeOHZ N2
TwaWwE XOMiDfE (Z,) LZoB L UZ,, & Z OB
% X5abl7R 9. Cl, Mn, CuCIIXRFDOFEHIZE S 28842 ),
Cl2 5 OXRFOBIFE S X, S TR L-EBEA + 12
HRTHELLIUPNE W, 20720, Zold, HIEERVITICHE
T BEEA A+ OZEZHBKNWR VB ZRT2S, XD

HEREIELT 1 5

ROFCSHUCHAET 2 &R A o+ v ofi & OB K. X
SaCHIBIBAR2SHERR T & 5 05 & AR IR A S 4 72 ANER
HELTVDDIEZDRDTHS. —F, Mok CuTbHXRF
OBHEZIZIEEDD DD, Zy & ZeITIE R WA AR
5hn (M5h). 2D &id, Mn 5 DXRFANKFET 5200
um X O EWAIE A S OXRFOH 513/ E <, RMIZE W
W LOHEGHPRENT EZIRIRT S,

X 5c, diZFeOH% il 2 72pH 8.5D ¥ 2 JH W CEHIl & h
720 ZwZew D Ze MIOMB Z RS, Loy, Cu™id
tris & $EK 2K L TH D, FeOHIZ 13 W4 & $FCSIZHE
TT2EEZOND. ZyZew ZuZe T OB A H2D
DT N—=T N THERRZRLTYS., $4bb,
FeOHIZWE# L 72Mn*" &, Wi FFCSICHEMF L T b
M D20 DIREDFAET B 2 Wb h b, Wik LMn™
5 OXRFM I Z A B L, EEMIEZ ST 2
ZEDD, ZunBIRONTERETZENTE S,

Zyin = $o + P1Zcy + P22k (3)

ENF A E DS N 2R B3P0, ©70.682,
D~0464Th -7, KX (3) #HWT, FHEL/XRF#EAM
SHE & FEERAE D Z,, D BIFR % XSelR . Wi IE & < —3K
LTBY, Eilo7 7u—F7T, HURIRE TFeOHIZ WA
L 7zMn* & 54 FICFCSICIALE L TV 2 Mn” O E & % 58
BCTELIENDbhosz Coezn™ 2oV T L ABRIZH
KIREOW A A ERWECTH o 72, LikoiE b Zn™ (XML
Wil LCTHUERE, WET 2720, Zn72lF h4ERmMIC
Bt S N7z & bR U CEIG ST 247 5 720 Mn® 12
T, Co"eZn™I3FCS7u— 7 & L THW72Cu™ & XREEH
HEEASE . 207280, ThoD&EL4+ ok 3) 12k
HEMEHEIE, M k) b EEMEE K HBL 7.

COEHTLTHOLENIZINT X =5 25 IREE T O
EHHRR%) ZFRONTIRETES.

R% =100 ¢, /(1 + ¢2) 4)

Lo#Ewm Tk, Cd otisgifkEFCSTa— 7L LCTHW
B, trisl3MBOBI/RA 4 L BRI 2BNBH L. £
DB OBE TpH 7L F TIEN* %, pH 7ML L Tld 7 o A
ZFCS7TUu—7,L L THWAZ LT, XVIEWpHHEPHT
EB/AF Y OREZERNIFHMTE LI bholz
(Fukuda et al., 2024). X612 HHEIKHEE Tin situfll 72 L 72 WA
HOpHIKAE &, AF L 72 %005 L 72 W5 3 o pHARAE
RIS A, 2212, MY, Co™, Cu, Zn” O A2 R,
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Figure 6: Comparison of pH dependence of R% for each metal
cation using two methods: the in situ XRF method and a conventional
method that includes sample thawing. Reproduced with permission
from Fukuda et al. 2024.

Mn™', Co™', Zn*'Cl&, {HpHHl THGEIRE TR L 72 Wb %
WEL RoTBY, HHIRETHE LR/ A 4 v, &l
BTG L CWb 2 L 2%bh b, BEEREMIZLD
FCSHITIZ®IBA 4 VIREDSE 20, ZTORRBAERD
Bl k. —Ji, BURICX D IREIMKL %2 LA DD
ZEMNDL, PO RIIZLUTHLLEZONS. LA L,
HHEIREE TOCO” WA FIIEpHHI T T2 2 53, 7
7 B DAL T 2 W BEEAVRIB S D, F 72, CuP T,
pH 5.5% BR\WVCRIAEIC X 2 AR~ BEIZII LA LR
<, HpHHUITIEAMIZ XL Z2BAEVPEN LD 2b. Z
@iom,$E4ﬁy:i5%M%L§®Ew,%@w
AR EDRZORRIIENR TV L EEZ NS, 2O
ETHO TR E/A A VIREZAKRAD S DIZHRT
E2 2008, RET O L EEERT A LIETER
V. SREWRICT 7200213, X0 EBEORNENKD
bihb.

4. XAFSICKBFCSICHIT DA F > DKFNIRRE
D%

XAFSIZFCSH D A A > D /K FIRTE % #8172 W T 2> S
Wit 3 27201 CHTFETH L. 22 TlE, BIIXHO
IANF=DKE L HIXAFSOHENT S %Br (2 L
TR NIHEREZ/RT (Tasaki et al,, 2010). FE#EEIZLD
M L 721 mM RbBrafif K i DBr-KiiXAFS 2 X 7 |+ )b
CATx v r &350 &, ERHETHE L7 RE2» 53 S

15

RS A~ NN

0 1 2 3 4 5 6 0 1 2 3 4 5 6
energy / eV energy / eV

7 SAERLBr (1 mM) K&/ NV 7 & i T O Br-KIi XAF 2
RY M VOBBERTEE. IR D 72012 KA & RbBrif 6 % sk
EFHXAFSANRY ML &Rtk
Figure 7: Temperature dependence of XAFS spectra at the Br-K
edge obtained for bulk) and at the surface of frozen RbBr solution (1
mM). The XAFS spectra for hydrated Br and the RbBr crystal for
comparison.

MATABREORPAIOXAFS A7 MV (31 & i) OIREE
ARV %2 712”7, RbBOKIEH O L5 151, -127 CT
HBH. NV TIE, ZOmEX Y SR TIEAKRMBr @A
N7 MV, ARIEM TIZROBr i DO A X7 M IVIZHEBLL 72
AR PAHPEHENTVE, KEATDH, FROZLHIHAS
N5 D3 Ml CROBrif dh OB s EhTnwb, OF
D CEETIE NV 7 AR TEIMDO G AN T WL T &
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Figure 8: Temperature dependence of a (contribution from solid
RbBr) and g (contribution from hydrated Br ) determined by
XAFS measurements of frozen RbBr aqueous solution samples:
(a) temperature variation at each concentration, (b) temperature
dependence obtained for | mM RbBr (magnified near the eutectic
point),(c) Concentration dependence of a and £ at —20.0 °C, (d)
Comparison of the volume fraction of residual FCS at —20.0 °C
(derived from S values below 10 mM) with the liquid phase volume
fraction (straight line) obtained by extending the freezing point effect
curve assuming an ideal solution. Reproduced with permission from
Tasaki et al. 2010 and Harada et al. 2012.
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Figure 9: XAFS spectra at the K and Cl K-edges for hydrated ions,
KCI crystal, polycrystalline ice, and single-crystal ice samples.
Polycrystalline ice was prepared by freezing 10 mM KCI. Single-
crystal ice was grown from a 10 mM KCl solution.
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Figure 10: Four configurations with a Cl ion accommodated in the
crystal lattice of ice. In Model 1, the ion is trapped in a hexagonal
cavity. Model 2 involves the replacement of one water molecule by
the ion. In Models 3 and 4, the ion replaces two water molecules (along
the a and c axis, respectively) in the ice crystal lattice.
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Figure 12: Comparison of the averaged experimental XAFS spectrum
for single-crystal ice samples (red curves) with those simulated based
on the four models. Reproduced from Yashima et al. 2021.
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