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IRKIMIEERDBERE

T FEseEg Y

20254 8 A 31 BHXft, 20254 11 A 1 BZE

KA OEESLHRBR EHZ Do TBY, N 2OHBE OMEI L INTE . KITHE
N7BBETHY, HBAEHELTHARRTHIZLLOEEAF VHERELTVE. KEENIBE VS
TEELEATIIEZIND AAZKOEKE D HENTEBY, EHFTOE—KZOWIALAAPEE 1 H
BB N RBEPSHLEED TV D, KRG & BEENT L RS2 Fo05, TOEHE
FLVZBEARMPWICHLTEIREEFTHEVFELIARON TR D o7, ENOLDOIRS V% JH
T LAV THFES 2 LT IR R 2 TH ), ARTIOEERR, Mg S nz8Km
P EANZ DO W T H E OB E LI T 5.

Structural characterisation of high-pressure phases of salt hydrates

Keishiro Yamashita'

Water is one of the most fundamental and inevitable substances in nature, and has been studied from various
aspects to date. It is known as a good solvent and mostly coexists with ionic species in nature. In contrast to the
ambient pressure, salt-bearing ice can form under pressure, like the condition at the bottom of the subsurface ocean in
icy bodies, stimulating interest in planetary science. Whereas salt-water systems exhibit compositional and structural
variety, salt hydrates, another major member of the system, were rarely subjected to study under pressured conditions.
Their crystal structure gives a fundamental understanding of their physical properties, affecting the behaviour in the
actual natural system. Here, I review the recent findings of high-pressure phases of salt hydrates, focusing mostly on

our structural analyses.
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AR IR S ER (Journaux et al., 2023) RyLAIART A T 7
(Mantegazzi et al., 2013) 72 & Cld X 5T ANEEME L 7283
bEZOLNTBY, 1+ VIERERLREKOER T A F 37
AL OB DRI N TS,

WROKIZENZ2EBEL L ORKIEH SR TW R, Z
M EAIH BRI S & 7 o 72K IENHFED X 9 B4 2 B
WA F ¥ R ppmBREEE L 2D A F v, KT
7oK FEREAHEE 2 Aok & IR, WA+ OHY
ARZHEMEENCL> TRy VY- G2 ET Y
NEFEALSEL720THAL. LIErLEehrs, ZOMHAF
Y EKOARBI BRI, SESEFICBVWTZORD T
E % CBS—1 v PREIUY ARD 5 2 L5 i
FERIZHER ST\ b (Frank et al., 2006, 2016; Watanabe et
al., 2017; Journaux et al., 2017). X 512, #EsIbsEfEZE T
FTIULI5% D DIFA I AATZIKTES 2L 9 % (Klotz
etal., 2009, 2016) .

Z9 L7zHi—K OK) OBIETICBT 285 BV 03BG
BHEDO LT, FARIIEE L D 2HEARMPIZO W T,
ECH —HOMMBEOMmIEH F VRSN Tt o
7z BRSO HE ST b IR BB AR L C
BHECH Y, EIOEKLMb S & S HICEMREEZHET.
BN R ERoOMIZ, KAPWOIBE TIEA 4+ v 2w LKk
SO LEEL %), BITORIRLT S L %
T T R A C SR KR O T 18 A% 3 B i 19 B 0 © o 2
WZlkbHhb ZOLOEBNLBELICZL <, NaCl®
KCl EOHMIE TS 2 BET COMBRT SBWRAE T ¥
Thotz. FICEESFGTRNETFELRENSNG /-
9, KRENEEE 7V T TIEEERE TOf7EIc kD
W7 AE A DL SRR T 25655 o
7o, MAFE) LAROEREMD L X512, HIET
TOW—KFZ % MRS L TR EEHRE FHciize L
T&7. ARETIZZENSOMAEOH THEF L S -3k
KAWEEAIZOWT, HHEOBRE HFISHI Lz,

2. 1BEETOBE

2.1 SETTOEEHERICAVSNSERE

RIEERTIE, EEHE LT 27208 EE IV
MICHEN TV 5. Z0720MERE~DT 7 £ A 1F W
ENTHEY, FHEIRCTHA ZEE VLT 5.
ZOWTRD BN EDIE, ¥AXYELYFTYELT ¥
ELtL (DAC) TH 5. DACIEE A~ um L EE Ok
ERHHTEIANXYEY RT7 YELVOHERTRAZAT
MET S, FA4AXEY FORFNHERS L KK/

W R

BXOWI» &, 7y ENZME LT < ¥R gt
X % 73 E R Xt IE T (XRD) %% EAER TH 5. Al
AT HHFZE XM & R ERT 05+ 2 Fiho—o
L7 %. DACIZEE ¥ F 2 — P IVALEE & /ML C RO
WRTWEOERETOERL, ZTORLETDOEY S
7 B E A U 7230k & KEK-PFX>Spring-8 7 & 0 i 4 it i %
NFFLIAATOWE R EHHEIITDI TS, EET
13100 GPaZ W 2 5 F2BR D — WM > TEXTHY, KK
HAMTM B E R DB SN TV 22T Y BV &
640 GPad OME IS4 D M XN T 5 (Dubrovinsky et
al., 2012; Yagi et al., 2020) .

— 7 CXMDEICFR I L THUE T D 5728, IR AKA
PRI Z B\ THE ZRER MG % &2 X2 12134
BFTHD. TITRECHLTHMZTEL LT
FHRELHCENDL. P IEXHICIENS & WIS
LEBENREOZD, TYENMIRERRET IV
Hwbnsd, BIZHE» S0 Y 7L XHRICHRTZL
<, BumEEOREPBLEE 2 ) B~ > b OfE
EXRDLEHEENVH RN L. HEF R TiE~ v F
TYEVNTVARRYIZI YNNG TVA, EA )
Y=k EHE DN D AEEE ) E T GPatt
BECRONTHY, ZFEIEHEZ HIEL TREODAC
DRSS D D STV 5 (Haberl et al., 2023; Komatsu et al.,
2024). %9 L RMBEERLTEFFIHO 20, F25RI2E
J-PARC MLF 72 E DB ORI AL E & 75 5.

BAE (H) @GFFEBEEEIC L 5Ny 7 79 v Rk
WIZKREWTZD, EBLEOEG D 5T EBRTIEEK
FAL(D="H) Lzt —ICH SR 5. AR T
LABIPE R U 728D, k-l T ) iR 55 2
ST BB EMAZ L SN TS, LaLids, RIS
Lo TUIKF OB E IR R U 7z A AR R 23 1 T
ERVIREMED H L7 DBV LETH 5.

JEA720F T <, KR O IR CIEIREE O ] & [ R
WCUEELRDIGERH L. TOHE, XERTHNIT
DACIZE =% =R 7 A+ AZy bEROHT LR EL,
BT EBRTIRIRERE I Y P a— Vi) dm7 v v
LVEIOMITO Y A7 2 (Komatsu et al., 2013) 72 EASHW 5
Nb. Tz, FHT ToOHHE S P BT 130 AE B 5 A
HED 5TV B AR ERIN 238D £\ (Osakabe et
al., 2010; Binns et al., 2016; Grzechnik et al., 2018; Massani et
al., 2020). &4 HF 2 EKMmY 4 Y E > K (Irifune et al.,
2003) RZr24)E A T A (Yokoyama et al., 2011) % JH\ 7z
DAC (Yamashita et al., 2020; Yamashita, Komatsu, Ohhara et
al., 2022) ZFHFE L, KV O FIghEE D 5§ 725877
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Figure 1: Overview of crystal structure determination from single-crystal x-ray and powder neutron
diffraction. Diffraction patterns and crystal structure models are examples of the high-pressure phase of
magnesium chloride hexahydrate. Deuterated samples are used for neutron experiments.

M 7 i 32 D MRk AL X ORI 72 12D %S TWw b
(Yamashita, Komatsu, Klotz et al., 2022).

2.2 [OHFEBERIC & BiERIEEmA

K O X EICHEEMICBT S,

1P RE (22 13
2. Hfild (a, b, ¢, a, B, p)
3ETFHA M (x,y, 2)

DEZEHRTRASIND, BHFEEEECRRERT —
LD TIE, RIS A N HERERBIREIC X 55
FH R A BN A, HERETAHEREMELT,
AT ClA RO R EZIE L TBY, ZofikE
TR ZE M R T II K o D R L AL &
HThb, 072080 % f S AT CIZIEIC
SRV ENL VD, RREIZE TR R R &
ZIEMEICR L TADIITIE RV 2R LTHB L. H#l
ZAXWRM R % &, AR RE S O JRPTIAH B %2 3~ %
B A I AH B B % (PDF) 12 & BT SIS & 72 B

EBCTH SN AT/ — LI 22 R & 0 i 22 [~
D7 =) TERITHIG L, BEERARSICH LTINS D
SR BEHEZ M E LT (1), EBoREEET
AT E — 7 ORLE & EWRE A O HA N K O i & F
TIRD D, KhkHREAIHIE T 5 [T — 7 237 LT =
WIC AT & 2 i iUk S 1358 2 ), — ot 1ITHE
L CTEIN S N 2R OB A 1 ZRITH 2 Ak

HbNDH 2T, EVAEOEITY — 7 PFE 2 - TRl S
L720—HB TNV LRV, 208
(Oishi-Tomiyasu, 2013) 7 EDEAT Y 7 b7 =27 OB
JEMD 2LEND L.

R\NTHRZ & ORI % B HAL LN T D P
EERET S, ZOMIIISEMETH ) —RITEE ST,
EHERL T v — 7)) v 7 (Palatinus and Chapuis, 2007)
ERHWWT, BT FEEERR G A% oLz L4z
W%Lfﬂﬁﬁéﬁﬁﬁ%é CICRETE 2%

FHIE, B2 A) T4 OWHFT— 5 ORRSBLEE &
5. FRICEFEEBRTIREE XIS X DX L1 0k s
RN BE 2 ZE I OTE, Ny 7 75 Y FOBS %
EPSERTMBEEZHES LTS ET = 56N
HTWIE AR v, ZOWE, XAEITRIHR L
k2 R L, X7 — & 20 5 K E DAL S5 T
P, PET T — 8 SREEE TIVISKERE T ZBm L
TR LREEZPET 22 L%\, ZOk, £7—Y
IIRNT 2 O TS T 75— 7 EXTH S Rz 7 v
EDOEEDPOAR LTV L RENEEZHET S, £HLT

BoNZETAEOMIC, BdRE)Z &P T 022 45
iR REE B AHTH A T EERREEE
DTHEAT/8Y — TR L TR iRt 2179, %
KRB OB IOy — v 2Rk e BT 5 X 9178
FGA=FRY = TuT7 74NV ARESFEEICRELT S
Rietveldffift (Rietveld, 1969) 2313 T 5.
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Figure 2: Structural comparison between magnesium chloride
hexahydrates in (a) ambient-pressure and (b) high-pressure
forms along the ¢ axis. The unit cell of the high-pressure phase is
transformed from the original primitive cell to the C-centred supercell
for structural comparison. The hydrogen bonds with d(H---Cl) shorter
than 3 A are described by dashed lines.

2.3 ETEH#ER

HHTFOT— 7 3MEZX VAR, BEOEHSIZH
L CHEBRMN 2 G0 3 SRR R D © Off
TGO ECFEEEOHEMR/IIBVWTETEEINS. H
GOYG, BFEENLEEE (DFT) 2 HwT, KFEED
DOREREZ U & & BREEL T 5. DFTEHE CTIZB3LYP
(Becke, 1993) %°PBE (Perdew et al., 1996) , PBEsol (Perdew
et al., 2008) 7z & DO YL EL D % € R°van der Waalsfifj IF DA
4 (Grimme et al., 2010, 2011; Becke and Johnson, 2005, 2007;
Otero-De-La-Roza and Johnson, 2012), IRENIREED 57 &
EZRITREHHIEIZBIIHAY, KL EoIEEE L b
B BB, 2oL E 2 THEIIHRD 5 L2
H5H., —HTEHEOFREHRE LTI, Az EEL 5
HETHNIKRERHEOHEMRRE L E L EDFF
ARRICHELRZIRA NN E DLW,

3. |\t 7= LKD) (MgCl,-nH,0)

BAL= 7 A7 AIZABRRTHELS G L, K>S
ENDERBMPOIZH Y RN, EFEAEREHET
BIHEHEN T2, WELAMIRHBNZNE LT F
JECTHEHOKIMY ZTINT B (n=1,2,4,6,8,12). ¥dH
LM OHT, FEEENTORRAEL I IEFHEIR
SNTWABED, <73 vw AEF RIS & KD F A
BEHERAL L TV 2420 F ORAEUI O W T, KA DM
FHE NS RRYE~ 27 8 & w7 D3R 0% s Pk & B AT 1
5N TWw5 (Sugimoto et al., 2007). —J5 TR EA6LL E
DYy, X7 AT LFEED S8 L TRAeITKANE
NTHY, KHIMgH0) /IR & 3K OHE#EK & Dk
FREEDO R D, FANBTIHBEO KL »HET

I R

RO - TB O FRAMB L oM E b E 2 oh
LN, KREREOEUMEEEZEZDL LSO IEMEDH
AHN5. FFICHIETHSN L P TIRI0KM 2SR T
WD 7 ERER IS

3.1 'Y IR L67KF1# (MgCl,-6H,0)

ML b 72y AKRPOHRTHIRD —#
17 D167 (MgCl,-6H,0) T, HIAR T M Lk
e LTE Y a7 (bischofite) H3HTHNT WD, 67KFl
WHTIE= 74 27 JZEEARA L T Wil 2 K55
TFREITNTES T, KRG AR I Mg(H,0) /N H 1A
DKFKLIERBOKFRAEP SR> TWVD. ZOKFH
W% R TINE LT < £0.6 GPafi fE THEE M iz % it
2L, HEhE (C2/m) 56 =Fh (PT) N & ftkz TiF 5
(Yamashita et al., 2019). Hi#k §XRDC & EAH O & % 7
N5 &, MgHO)NEEPEERA LD X ) ITHE, HT
TR S N7z B B ESHN TS 2 & 255D
% (]¥2). J-PARC MLF BL11 (PLANET) CTilll%g L 72k K
PEFHATICE 2 &, ZOMERIZE W THh & D5 F M
HEABEAMESF S B A%, D3B---Clig & —FBD K FEHEA A
BINCHL B B 2 L3 5iro 7z, [BRC, <7537 A1
AL TVERGTICHEADBR LN, ENT TOMEREE
W AR %2 T 2 72D IR R EEA 2T ANT
WaHlEnwz 5.

3.2 #®(EY IR L10KF08 (MgCl,-10H,0)
WM TR D 2 \EBORME O R TRIFTWiz10
KEY (MgCL 10H,0) EZEETFTTOABER I TS
(Komatsu et al., 2015). Z OKMWIX, BB L %2 GPall b
THTENTZ 7 A (Komatsu et al., 2015) ZIZHAARD & 5
14 % (Yamashita et al., 2024). A3 11242 O #EARAIK
EEATEY, RS IIRDFH b & D 7KEREG A v
=27 %R LTS, KAL) EVEE W)
LD Ho TKMADYF X MNP EHIZEATEY, =
7 I B ORI HEREK G5 5 OKFER A& 2T
THHEERZEE DA A M) 2R TWD. fcd —o
DKRFEDP SBEBOWMBENH ) ZoBKRERERE, W
JERE TR 2 D HHS ST 5.

3.3 \IEY I RYD L7KF0 (MgCl, 7H,0)

107K & FARIZHE TR T 7z6Lh Lo ZHuk
BoARA S EETIEE T % (Yamashita et al,, 2024). &
DOTKFY (MgCl,-7TH,0) 1Z 10K F1H D3 O ES (Komatsu et
al,, 2015) ICERRIIC B 5T W 7225, #ICXRDIC X 5 Hf



e S KA

B3 : Hifb~ 7 4 27 AR ODFT Thal{b S h7ohis. A
NI AKFRETORM o 280K%A v 7 — 27 ORI H--O
W BB 252 ALLT @ K K5 A 13 B C, HOA & O6 1 0 7K 3K A
& (216 A) M TH AN TW S, CC-BY 40 (Yamashita,
Komatsu, and Kagi, 2022) |2/l 4.

Figure 3: Structure of MgCl,-7H,O optimized by DFT calculation.
The close-up view of the hydrogen-bonded chain formed by water
molecules is shown in the right panel. The hydrogen bonds with
d(H---0) shorter than 2 A are described by dashed lines. Interatomic
H6A and 06 bond with d(H---O) = 2.16 A are shown by dotted lines.
(Adapted from CC-BY 4.0 (Yamashita et al., 2024))

SRR IERRATIC & o CTHE S M7z, 2 oKMIPIE2 GPall |k
TIOKFIY %2 BT 2 7, UKD & HIRBREE T ORGSR IL T
S 5. L Lads, MBS 2 HiIKOR
JEAHVIDS B ISRERIEL T L v, Zo MR EIE—H
MWD adrole. ZOMEZEIRT 27207 VI -
TR RIS IRING & 2 B R T ok ofs it 2 i
L, BRI HAS b % 1572 (Yamashita et al., 2024).

DT B BN 7 ¥ AFSEAITKIE
nTBh, ZBEoMgMH0)/\HAEERICE B MM
HEHEKAIK A SHER S NS, BRBEF R, 5Kk S5
7o ARFMEIIIAKRGF & LTARARRREA R S5, DFT
THOEAL L 72 LA R Y gl (X3) & iR d % & bk
KHIKZEEOIZKGT Ay T =27 EOKGTELIIC
BEMAR SN2, THICIIERICHT 5 KRER/KED &
CENRTWVSE EH T, —RWIZEVEHEMEAERICE
TG T ORI DA S 15 HALERSEKMPIZ BT,
il Bl TH D, 10K S /SN D - 7-MgH,0)/\
HARBOKFERAED A SN, HIET TOKGTEAHHEE
DY BEABELENT VS,

W2 TRV NG A= DENSEEZHRD &,
a5 TV R VA T B I R FEMG R B S A S 7. HE
THDHZORMPTIE, a-cllifOpfabENCELLTE
D, ZRHIMKT % & (102) T HEH 2 )5 A5 LR
HrznH. o (102) HaEY YL THE EERFE LRI
AHWCIHATEY, BRI TS5 % A 1236 A 72T
WH I IEMGORIAD RO L EZ N5,

4. 1|\EAY D L1K0¥ (KCI-H,0)

HAbr ) v A (KCD) b F 72 HARFUC— ey efic, &M
REREATHEMENT WS, b~ 72y L L3
HICHIE STk 2 B3, #AREO A ) A
W (e, Sybvite) & LCHEMT A, F 72 B E R
THHKiE, TryaiEORRAENIBICBIT S EELR
B L B Z 5N THY (Chyba & Hand, 2001), HERHEZE
WTORM LI T, ZOIETI T TOREFIKKEON
WEBEE 2 5 L COERERERE FFO.

HALH ) 7 2 UK (KCI-H,0) 1, 2 GPafialt THRIEHR
7B iEEALd 5 (Yamashita, Komatsu, and Kagi, 2022; Wei et
al., 2023). KCUE/KIE L KOBEW DS, SR EHFE
BRI R BER) 2 o — V728 2 OKRFIWNITER L 2. KFIEL
WAL, ZOWEIRRG T & 2 KMOMIZK—CIH T
DA F ¥ R AP EASREF AR R EERIZIE 2 > Tn b,
KCHIEIKIGIZBERG A 4 >~ M OPEHIC X - T g 2 /%A
Bz &), WIETIRORAMOME.L I (FCC) Mk
&2 (BUH). A4 VIR TEA & 3 RN E
ENRF <, 2 GPall kL CRSELL RO T (BCC)
Wi (B2 12255 5. Z OBI-B2AHEERS Tl 12%FE %
FEAHE 2 B — 77T, Bl HEK—CIH O B8 E T &
{71, Kleberldpressure-distance paradox k. A 17 T\ 5
(Muller, 2007). ¥ifbH U 7 2 1KH i OK—CIR B &
3.0-3.2 AR L BIAH (3.04 A) & B2 (3.18 A) 1224 72
5HDOHL . FOHTEWK—ClE il oE %2 ik X
W3 L, BUgEZRIOICY 572X 9 BV 7 ¥ 7 s
5 (M4). KpFRIOVFEFmEIcHkInG L%
Wik e 225 TH Y, KCI-HODHEEIZMEKIEDOILE (B1) B
BEIZKRGTHREALZZDDE M ONS.

Z DAY IZ2.4 GPall FAZINE S % & /K TEB2HE & &
KICHFERNZ 5 # S 5. DFTRME A 5 S BI/B2AEE IS L
TENENEEMUETLEE, LAV F—IZHBLB2
BEEDOHHICH 725 Z LATRENT WS (Wei etal,, 2023).
ZOBEEIKBEBRL D BB &5, KRENERHED
JERRICB W THIRL Lk E & ISk 2 8L THR L
WAKBBWE LTI N =LA HIIHE LA TLE V21
F MR RIBEINTNS.

5. 1&{tF bU D L13kF0% (NaCl-13H,0)

WAL+ F Y A (NaCl) 38dh A CTid FLREE W
Z, WK OBEREIE (Halite) & L CHRFIHAEL,
EAIHEICD KX MboTWwa, by Y 7 AR
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W R

4 : (a) JALH ) 7 2 UK & (b) MKIEAL A Y 7 2 (BIAL) ObliliA & W 7-R . (o) AR
& (d) AR B, AFE O MEALD 72D EN. BRIXOMIIT IR 2 TN T32 AT
OK—CIHiHETO 2235 KCIi A, ARMUTDII IO 223 HKCIFE, T AR TR
ST E S DL SRS S 2R x ZhENEK L TWwh. CC-BY 4.0 (Yamashita, Komatsu, and
Kagi, 2022) |2 N4k

Figure 4: Structural comparison between KCI-H,O and the B1 phase of KCI. (a) KCI-H,O viewed along
the b axis. (b) KCI viewed along the b axis. Bird views for (¢) KCI-H,O and (d) KCI. H atoms of water
molecules are not shown for clarity. Black lines indicate K—Cl chains with K—ClI distances shorter than 3.2
A almost perpendicular to the b axis. Red lines show K—Cl chains along the b axis. The blue shaded areas
represent a space elongating along the b axis of KCI-H,0, where water molecules are located. (Adapted from
(Yamashita, Komatsu, and Kagi, 2022); CC-BY 4.0)

KMPEEELDOWZ LMo TBY, HESMET
130 °CEUF DA S 1 TR AL % KA1 (Hydrohalite)
DBV T . €9 LIEHETTOMIMICKLT, &
JE T CUE8.5KF1M & 13K A A3k S b3 % (Journaux et al.,
2023). Z ORI S BARFY (hyperhydrate) & % I
I, ORREWNERZ E0BRFUTHAEL 9 27k E LT
HFHEZHEO TV,

29 LKA T~ 7 % ¥ 7 210K A1) T
BN X ) ITHEE IR FAKRFEREICE D F v
P =2 ZFBLTWE, PTHIRMY DOKRERE
A b7 —=27120&, EWVEEE (1-2 GPa) TEERIK
VIE OB A HAS ST 2 S 62k o 7.
(Yamashita et al., 2023). #1213, 13KHIW DK FERE Gk
TENTATAE L 22 R PE AR bR T 27— 1 2 Bk Bk
PAFAE L, £ DRI TR EARE 2 AL E IZOKVIC R S
Nbb0E—532% (K5). F7z, 13KAWHICIZIIRIC
KoFRIMOMEFKFERRL SN, ZHIKROKHETED
% CTHBT BHEMIN AR EE TH B, DFTED S b Rk
% BT O T 4 L ¥ — 25555 4 30 meV/NaCl- 13H,0 21
L /& < (Yamashita et al., 2023), 5e2& 7% BF LA Uiz <
Wl TR VI (Komatsu et al., 2016) & OFEUMED /5

N7z, T L2HEN, ZAVE—WERME2S, 2o
HALF b U v 2 3KAI I EA LA 2 R T b Rk &
IPRICHET 2 DLV R, EEKPNDOFEOIY AHIZ
B 2R & OB D B O EE TV,

6. #84E

Dok H i, HamEKRMWAZIHBED) HIZ
ZRFEREINTVE. SHEMENLHE DD
MgSO,-5SH,0® & FE A (Wang et al., 2018) % CoSO, 5H,0
(Zhao et al,, 2022) 7 EHREEE D Z LS hTw5b. H
MR TR, B0 TRV, £R5ZRTOH
RAIEIE D A & > FE O By ek Wi ik D B i > & HER KA
M BT TOEREV. KERHEL Y b7 — 271320
EN 2 TR 7225, A4 Y HEOBEBHIEA Y M T —
IHEEZDODLDOHLEEED. FIAE 44 VP EOR
Hhnar oAb 74y A (Mg, MgBr,) TIXEA
F Lo TS TV EPETRELHEPL SN S
(Hennings et al., 2013). @AM TlE WS, 1ZIZEL
A4 VICHEBEEIN T THRHRILOBFIK > TILD
W& E s 2 RO BB 1V 77 & (calcite) DB (Saito et al.,
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(c)

K5 : (a) — (c) LT MUY 213K E (d) — () KVIE OKFEREE S v b7 — 27 RiE L.
2OOMN L7z Y VT =2 X ENENF LROBTHIAN TS, (a) & () ITBWT, KGTA
AR EEAT AT CERF SN TS, KEEZEL—HOEF IR O MELD 720 B,

(Yamashita et al., 2023) X ¥ #izifik.

Figure 5: Comparison of hydrogen-bond networks in NaCl-13H,0O between mirror planes (a)—(c) and pure
ice VI (d)—(f). Two independent networks are shown by blue or red lines. Hexameric units in (a) and (b) are
shaded as a guide for the eyes. In (a)—(c), some atoms in octahedral structural units on mirror planes are not
shown for simplicity. Reprint from (Yamashita et al., 2023)

2020) b 5. —HIHND SR RISH R 225,
WEZICHET TOR—AKRIIE, FLRILHET LR
WA3H % &9 72

EFR

AR RE R A WBALFER B L, Y ATy
7 RAEETOMRBEEZIEICLTBY, EHOMLRM
BT BHIRIREN S, L DMREEICIREEICD
2O MA B TBIMESIC A T L LXDERHHBL L
FET. BIRICB 2 RERE, FEB RO R
I D 72> TV 72720 2 RS 72 & 230k
HEREREORE KEIK, TEHREKSICH, 2o
D TR L B ET. ARCTRA L2203
(IKEK EBRE (FREE 5 2020G635) 3 X UN-PARC MLF
FER M (3R 5 2018A0125, 201810011, 2013B0105,
2021B0059) DOFERICLDBDTH L. WEETICHZ-
TISPSEMIFE: (18H05224, 18H01936, 19GS0205, 20103001,
25870182, 26246039, and 21K18154), HILAK%GIMRTH:[H]
WF 9% 20K0085, 3 & OV I K #PRIUSIL [l FI JH/BE 58,
CIZISPSTEAMFRIIEZE H & RS — 7 14~ 7 R¥FBE
MERITO %3k % %\ 72, F 72, ARk oL e s
WIZVESTAZ B 75 A2 & - THill S 7z (Momma and
Izumi, 2011).

BERK

Becke, A. D. (1993) Density-functional thermochemistry. I11.
The role of exact exchange, J. Chem. Phys. 98, 5648-5652.
Becke, A. D., and Johnson, E. R. (2005) A density-functional
model of the dispersion interaction, J. Chem. Phys. 123,

154101.

Becke, A. D., and Johnson, E. R. (2007) Exchange-hole dipole
moment and the dispersion interaction revisited, J. Chem.
Phys. 127, 154108.

Binns, J., Kamenev, K. V., McIntyre, G. J., Moggach, S. A., and
Parsons, S. (2016) Use of a miniature diamond-anvil cell in
high-pressure single-crystal neutron Laue diffraction, /UCrJ 3,
168-179.

Dubrovinsky, L. S., Dubrovinskaia, N., Prakapenka, V. B.,
and Abakumov, A. M. (2012) Implementation of micro-ball
nanodiamond anvils for high-pressure studies above 6 Mbar,
Nat. Commun. 3, 1163-1167.

Frank, M. R., Runge, C. E., Scott, H. P., Maglio, S. J., Olson, J.,
Prakapenka, V. B., and Shen, G. (2006) Experimental study of
the NaCl-H,O system up to 28GPa: Implications for ice-rich
planetary bodies, Phys. Earth Planet. Inter. 155, 152-162.

Frank, M. R., Scott, H. P., Aarestad, E., and Prakapenka, V. B.
(2016) Potassium chloride-bearing ice VII and ice planet
dynamics, Geochim. Cosmochim. Acta 174, 156—166.



152

Grimme, S., Antony, J., Ehrlich, S., and Krieg, H. (2010) A
consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements
H-Pu, J. Chem. Phys. 132, 154104.

Grimme, S., Ehrlich, S., and Goerigk, L. (2011) Effect of the
damping function in dispersion corrected density functional
theory, J. Comput. Chem. 32, 1456—1465.

Grzechnik, A., Meven, M., and Friese, K. (2018) Single-crystal
neutron diffraction in diamond anvil cells with hot neutrons, J.
Appl. Crystallogr. 51, 351-356.

Haberl, B., Guthrie, M., and Boehler, R. (2023) Advancing
neutron diffraction for accurate structural measurement of
light elements at megabar pressures, Sci. Rep. 13, 1-11.

Hennings, E., Schmidt, H., and Voigt, W. (2013) Crystal
structures of hydrates of simple inorganic salts. I. Water-rich
magnesium halide hydrates MgCl,-8H,0, MgCl,-12H,0,
MgBr,-6H,0, MgBr,-9H,0, Mgl,-8H,0 and Mgl,-9H,0, Acta
Crystallogr. C69, 1292—1300.

Irifune, T., Kurio, A., Sakamoto, S., Inoue, T., and Sumiya, H.
(2003) Ultrahard polycrystalline diamond from graphite,
Nature 421, 599-600.

Journaux, B., Daniel, I., Petitgirard, S., Cardon, H., Perrillat,
J. P, Caracas, R., and Mezouar, M. (2017) Salt partitioning
between water and high-pressure ices. Implication for the
dynamics and habitability of icy moons and water-rich
planetary bodies, Earth Planet. Sci. Lett. 463, 36-47.

Journaux, B., Pakhomova, A., Collings, 1. E., Petitgirard, S.,
Boffa Ballaran, T., Brown, J. M., Vance, S. D., Chariton,
S., Prakapenka, V. B., Huang, D., Ott, J., Glazyrin, K.,
Garbarino, G., Comboni, D., and Hanfland, M. (2023) On
the identification of hyperhydrated sodium chloride hydrates,
stable at icy moon conditions, Proc. Natl. Acad. Sci. 120,
€2217125120.

Klotz, S., Bove, L. E., Strissle, T., Hansen, T. C., and Saitta, A.
M. (2009) The preparation and structure of salty ice VII under
pressure, Nat. Mater. 8, 405-409.

Klotz, S., Komatsu, K., Pietrucci, F., Kagi, H., Ludl, A.-A.,
Machida, S., Hattori, T., Sano-Furukawa, A., and Bove, L. E.
(2016) Ice VII from aqueous salt solutions: From a glass to a
crystal with broken H-bonds, Sci. Rep. 6, 32040.

Komatsu, K., Moriyama, M., Koizumi, T., Nakayama, K., Kagi,
H., Abe, J., and Harjo, S. (2013) Development of a new P-T
controlling system for neutron-scattering experiments, High

Press. Res. 33,208-213.

I R

Komatsu, K., Shinozaki, A., Machida, S., Matsubayashi, T.,
Watanabe, M., Kagi, H., Sano-Furukawa, A., and Hattori, T.
(2015) Crystal structure of magnesium dichloride decahydrate
determined by X-ray and neutron diffraction under high
pressure, Acta Crystallogr. B71, 74-80.

Komatsu, K., Noritake, F., Machida, S., Sano-Furukawa, A.,
Hattori, T., Yamane, R., and Kagi, H. (2016) Partially ordered
state of ice XV, Sci. Rep. 6, 28920.

Komatsu, K. (2022) Neutrons meet ice polymorphs, Crystallogr.
Rev. 28,224-297.

Komatsu, K., Hattori, T., Klotz, S., Machida, S., Yamashita,
K., Ito, H., Kobayashi, H., Irifune, T., Shinmei, T., Sano-
Furukawa, A., and Kagi, H. (2024) Hydrogen bond
symmetrisation in D,O ice observed by neutron diffraction,
Nat. Commun. 15, 5100.

Mantegazzi, D., Sanchez-Valle, C., and Driesner, T. (2013)
Thermodynamic properties of aqueous NaCl solutions to 1073
K and 4.5 GPa, and implications for dehydration reactions in
subducting slabs, Geochim. Cosmochim. Acta 121, 263-290.

Massani, B., Loveday, J. S., Molaison, J. J., dos Santos, A. M.,
Wang, X. P., Daemen, L. L., Haberl, B., Boehler, R., and
Guthrie, M. (2020) On single-crystal neutron-diffraction in
DACs: quantitative structure refinement of light elements on
SNAP and TOPAZ, High Press. Res. 40, 339-357.

Mishima, O. (2021) Liquid-Phase Transition in Water, Liquid-
Phase Transition in Water Tokyo: Springer Japan.

Momma, K., and Izumi, F. (2011) VESTA 3 for three-dimensional
visualization of crystal, volumetric and morphology data, J.
Appl. Crystallogr. 44, 1272—1276.

Muller, U. (2007) Inorganic Structural Chemistry, Inorganic
Structural Chemistry Wiley.

Oishi-Tomiyasu, R. (2013) Distribution rules of systematic
absences on the Conway topograph and their application to
powder auto-indexing, Acta Crystallogr. A69, 603—610.

Osakabe, T., Kuwahara, K., Kawana, D., Iwasa, K., Kikuchi, D.,
Aoki, Y., Kohgi, M., and Sato, H. (2010) Pressure-induced
antiferromagnetic order in filled skutterudite PrFe,P,, studied
by single-crystal high-pressure neutron diffraction, J. Phys.
Soc. Japan 79, 4-10.

Otero-De-La-Roza, A., and Johnson, E. R. (2012) Van der
Waals interactions in solids using the exchange-hole
dipole moment model, J. Chem. Phys. 136, https://doi.
org/10.1063/1.4705760.

Palatinus, L., and Chapuis, G. (2007) SUPERFLIP - A computer



e S KA 153

program for the solution of crystal structures by charge
flipping in arbitrary dimensions, J. Appl. Crystallogr. 40,
786-790.

Perdew, J. P, Burke, K., and Ernzerhof, M. (1996) Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett. 77,
3865-3868.

Perdew, J. P., Ruzsinszky, A., Csonka, G. 1., Vydrov, O. A.,
Scuseria, G. E., Constantin, L. A., Zhou, X., and Burke, K.
(2008) Restoring the density-gradient expansion for exchange
in solids and surfaces, Phys. Rev. Lett. 100, 136406.

Rietveld, H. M. (1969) A profile refinement method for nuclear
and magnetic structures, J. Appl. Crystallogr. 2, 65-71.

Saito, A., Kagi, H., Marugata, S., Komatsu, K., Enomoto, D.,
Maruyama, K., and Kawano, J. (2020) Incorporation of
Incompatible Strontium and Barium Ions into Calcite (CaCO;)
through Amorphous Calcium Carbonate, Minerals 10, 270.

Sugimoto, K., Dinnebier, R. E., and Hanson, J. C. (2007)
Structures of three dehydration products of bischofite from in
situ synchrotron powder diffraction data (MgCl,-nH,0; n =1,
2,4), Acta Crystallogr. B63, 235-242.

Wang, W., Fortes, A. D., Dobson, D. P., Howard, C. M., Bowles,
J., Hughes, N. J., and Wood, 1. G. (2018) Investigation of
high-pressure planetary ices by cryo-recovery. II. High-
pressure apparatus, examples and a new high-pressure phase
of MgS0,-5H,0, J. Appl. Crystallogr. 51, 692—705.

Watanabe, M., Komatsu, K., Noritake, F., and Kagi, H. (2017)
Structural incorporation of MgCl, into ice VII at room
temperature, Jpn. J. Appl. Phys. 56, 0SFB03.

Wei, X., Zhou, Q., Li, F., Zhang, C., Sun, F., Zhang, Z., Li,
R., Yu, H., Yan, Y., Li, L., Liermann, H., Speziale, S., and
Li, X. (2023) Novel High-Pressure Potassium Chloride
Monohydrate and Its Implications for Water-Rich Planetary
Bodies, J. Geophys. Res. Planets 128, €2022JE007622.

Yagi, T., Sakai, T., Kadobayashi, H., and Irifune, T. (2020)
Review: high pressure generation techniques beyond the
limit of conventional diamond anvils, High Press. Res. 40,
148-161.

Yamashita, K., Komatsu, K., Hattori, T., Machida, S., and
Kagi, H. (2019) Crystal structure of a high-pressure phase
of magnesium chloride hexahydrate determined by in-situ
X-ray and neutron diffraction methods, Acta Crystallogr. C75,
1605-1612.

Yamashita, K., Komatsu, K., Klotz, S., Fernandez-Diaz, M.

T., Fabelo, O., Irifune, T., Sugiyama, K., Kawamata, T., and

Kagi, H. (2020) A nano-polycrystalline diamond anvil cell
with bulk metallic glass cylinder for single-crystal neutron
diffraction, High Press. Res. 40, 88-95.

Yamashita, K., Komatsu, K., Ohhara, T., Munakata, K., Irifune,
T., Shinmei, T., Sugiyama, K., Kawamata, T., and Kagi, H.
(2022) Improvement of nano-polycrystalline diamond anvil
cells with Zr-based bulk metallic glass cylinder for higher
pressures: application to Laue-TOF diffractometer, High
Press. Res. 42, 121-135.

Yamashita, K., Komatsu, K., Klotz, S., Fabelo, O., Fernandez-
Diaz, M. T., Abe, J., Machida, S., Hattori, T., Irifune, T.,
Shinmei, T., Sugiyama, K., Kawamata, T., and Kagi, H. (2022)
Atomic distribution and local structure in ice VII from in situ
neutron diffraction, Proc. Natl. Acad. Sci. 119, ¢2208717119.

Yamashita, K., Komatsu, K., and Kagi, H. (2022) Crystal
structure of potassium chloride monohydrate: water
intercalation into the B1 structure of KCI under high pressure,
Acta Crystallogr. CT8, 749-754.

Yamashita, K., Nakayama, K., Komatsu, K., Ohhara, T.,
Munakata, K., Hattori, T., Sano-Furukawa, A., and Kagi,
H. (2023) The hydrogen-bond network in sodium chloride
tridecahydrate: analogy with ice VI, Acta Crystallogr. B79,
414-426.

Yamashita, K., Komatsu, K., Hattori, T., Machida, S., and Kagi,
H. (2024) Crystal structure and compressibility of magnesium
chloride heptahydrate found under high pressure, Acta
Crystallogr. B80, 695-705.

Yokoyama, Y., Tokunaga, H., Yavari, A. R., Kawamata, T.,
Yamasaki, T., Fujita, K., Sugiyama, K., Liaw, P. K., and
Inoue, A. (2011) Tough Hypoeutectic Zr-Based Bulk Metallic
Glasses, Metall. Mater. Trans. A 42, 1468—1475.

Zhao, Z., Kagi, H., Komatsu, K., Yamashita, K., and Nakano,
S. (2022) Pressure-induced phase transitions of cobalt
sulfate hydrates and discovery of a new high-pressure phase,

CoS0,-5H,0, J. Solid State Chem. 308, 122904.



